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GENERAL INTRODUCTION 
Respiratory disease In poultry remains a stubborn problem resulting in 
large losses to poultry producers, despite the widespread availability of vaccines 
(68). A lack of basic Information about the mechanisms which bring about 
protection in the respiratory tract has prevented the rational development of 
effective vaccines and other preventative measures (33). 
In mammals, lymph nodes draining the respiratory tract are key tissues 
Involved in generating antibody responses to antigens entering the lungs 
(18,76). Lymph nodes provide a microenvlronment in which all the elements 
needed to initiate an immune response can interact efficiently (174). These 
elements, which are the same in birds and mammals, include properly 
processed antigen, antigen-presenting cells (macrophages, B lymphocytes, and 
dendritic cells), and T lymphocytes (166). Birds lack a system of lymph nodes 
comparable to that found in mammals; however, in birds there are focal nodules 
of lymphoid tissue in most organs of the body, including the lung (50). 
Because they include germinal centers, these parenchymal lymphoid nodules in 
birds also contain all of the elements needed to generate immune responses and 
may functionally compensate for the lack of lymph nodes. 
In the primary bronchus of the avian lung, there are prominent lymphoid 
nodules at points where secondary bronchi open into the major airway (23). 
These form the bronchus-associated lymphoid tissues (BALT). The structure of 
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avian BALT is similar to that of other mucosa-associated lymphoid tissues 
(MALT), a family of tissues located at the interfaces of epithelial surfaces and 
the external environment. Certain morphologic features are common to MALT, 
regardless of tissue or species origin. MALT are composed of a population of 
lymphocytes covered by an epithelium which is structurally different from that 
covering adjacent non-lymphold regions. The structural differences include 
features which facilitate uptake of foreign materials from the environment, 
including attenuation of apical cytoplasm, large numbers of apical vesicles and 
tubules, effaced microvilli, and an altered glycocalyx (184), 
In gut-associated lymphoid tissue (GALT), there is evidence that antigens 
processed in GALT stimulate the preferential differentiation of IgA plasma cells. 
Since IgA is the predominant intestinal antibody in many species and has 
special properties making it especially effective at protecting mucosal surfaces, 
a model for a mucosal immune system has been proposed. In this model, 
interlinked MALT are responsible for generating mucosal immune responses 
(primarily secretory IgA in type) that are strictly independent of the systemic 
immune responses mediated by lymph nodes and spleen (reviewed in 144). 
While this model explains some types of mucosal immune responses, 
particularly in the gastrointestinal and upper respiratory tracts (17,116,176), 
there are enough examples in the literature of unexpected responses to 
mucosally presented antigens to question its universal applicability to all 
mucosal tissues in all species (62,92,114,151,158,177). The fact that 
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combinations of parenteral and mucosal routes of immunization often provide 
the best mucosal immune responses (88,125,171) suggests that mucosal and 
systemic immune responses overlap, each making important contributions that 
synergize to protect tissues from mucosal pathogens. 
Objectives of Dissertation Research 
Observations of increased numbers of BALT nodules in turkeys infected 
with Bordetella avium suggest that BALT may play a role in the immune 
response against this agent (167). The objective of this research was to study 
the role of BALT in respiratory protection in turkeys and chickens using 
morphologic and functional studies. The specific objectives were to 1 ) 
characterize the structure of BALT in chickens and turkeys and to determine if 
its structure changes during development; 2) to characterize the lymphocyte 
and plasma cell populations in chicken BALT and to note any developmental 
differences; and 3) to determine if macromolecular and particulate materials are 
able to cross the BALT epithelium in turkeys; and if so, whether this transport 
occurs preferentially in BALT follicle-associated epithelium (FAE) compared to 
non-FAE. 
Explanation of Dissertation Format 
This dissertation is presented in the alternate format and consists of four 
manuscripts. The first manuscript has been published in the American Jouma! 
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of Anatomy. The second will be submitted to Avian Diseases as a short 
research note. The third and fourth manuscripts will be submitted as original 
research reports to Regional Immunology, a journal devoted to studies of 
lymphoid tissues and organs. The format of each manuscript is of the journal in 
which it is intended for publication. The Review of Literature precedes the first 
manuscript, and a General Summary follows the last manuscript. References 
cited in sections other than the four manuscripts are in the Additional Literature 
Cited section following the General Summary. 
The Ph.D. candidate was the principal investigator for each study. 
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LITERATURE REVIEW 
Respiratory Disease in Poultry 
Respiratory disease is a significant and persistent economic problem in 
the poultry industry. Each year respiratory disease results in indirect losses due 
to carcass condemnations, decreased egg production, and poor feed efficiency, 
costing producers hundreds of millions of dollars (69). These losses are 
compounded by direct costs of vaccination and treatment of respiratory 
problems. 
A variety of pathogenic bacteria, viruses, and fungi are responsible for 
respiratory diseases in poultry. Infections with Bordetella avium (9), Ctilamydia 
psittaci (67), Aspergillus flavus, and Aspergillus fumigatus (40) can cause 
significant disease losses in turkey flocks, while major problems in chicken 
flocks are due to infection with Infectious bronchitis virus (89), laryngotracheitis 
virus (73), Newcastle disease virus (NOV) (3), and Hemophilus paragallinarum 
(187). Avian influenza virus (49), Escherichia coli (69), Pasteurella muitocida 
(137), Mycoplasma gallisepticum, and M. synoviae (188) cause economically 
important respiratory disease in both chickens and turkeys. 
The above-mentioned organisms are primary pathogens capable of 
causing disease alone; however, field outbreaks of poultry respiratory disease 
usually involve several agents. Infection with one organism may predispose 
birds to secondary infections (68); and although a primary infection may cause 
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only mild respiratory disease, infection with a second organism may 
dramatically increase mortality (146). 
Respiratory disease may complicate other aspects of poultry operation as 
well. For example, adverse reactions or hyporesponsiveness to vaccination for 
unrelated diseases often occur when birds suffering from relatively mild 
respiratory disease are vaccinated (9). 
Vaccines for many avian respiratory diseases are available, but these are 
often of limited usefulness for a variety of reasons. Commercially available live 
or modified-live vaccines effective against several viral respiratory pathogens 
and P. multocida provide good protection; however, control of vaccine strain 
virulence in these vaccines can be a serious problem. For example, new viral 
strains of augmented virulence may arise and be selected for in birds vaccinated 
for infectious bronchitis, avian influenza and infectious laryngotracheitis 
(70,77,79). Live vaccines against P. multocida often result in death losses of 
from 2 - 4% in turkey flocks (137). 
Antigenic differences between strains of the same pathogen have 
prevented development of effective vaccines for E.coli, chlamydia, infectious 
bronchitis virus, and avian influenza virus. Lack of information about virulence 
factors and the host immune response to B. avium has stymied effective 
vaccine development against this pathogen. 
Rational development of protective strategies against respiratory 
pathogens requires basic knowledge about both the pathogen and the host's 
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reaction to the pathogen. Different types of immune responses effect 
protection against different avian respiratory pathogens, depending upon 
pathogen-centered cor\s\ûexBt\ons such as virulence factors. Thus, an ideal 
vaccine (i.e., one that can easily and economically be administered to large 
flocks of birds and will induce long-lasting protection In the respiratory tract) 
will have to be custom-designed for each pathogen to some degree. However, 
current attempts to develop vaccines are frustrated by a lack of knowledge of 
host-centered considerations, such as basic information about the tissue sites 
and cells involved in generating protective respiratory immune responses in the 
avian respiratory tract. 
Non-Specific Avian Respiratory Defense Mechanisms 
Although there have been some studies of respiratory defense 
mechanisms in birds, much information has been extrapolated from work done 
in mammals. In many cases, birds and mammals share the same respiratory 
defense mechanisms. There are, however, important differences between the 
two groups of animals in effector cell types and perhaps in the mechanisms of 
protection, as well. 
Aerodynamic filtration 
Repeated branching of airways in the avian respiratory tract provides for 
removal of progressively smaller particles from the air stream via inertial 
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impaction, interception, and diffusion-capture (74). Purification of the airstream 
in this way has been termed aerodynamic filtration. Large particles (from 3.7 to 
7 //m in diameter) are deposited in the nasal cavity and upper trachea, while 
mid-size particles (1.1 tjm) are intercepted in the lung and posterior air sacs. 
The smallest particles (<1.1 //m) escape capture until they reach the posterior 
air sacs. Particles trapped by aerodynamic filtration are ultimately removed 
from the lung by mucociliary clearance and phagocytes. 
Mucociliary clearance 
Mucociliary clearance is a second important non-specific protective 
mechanism which clears foreign materials from avian lungs and airways. 
Particulate matter trapped in mucus sheets is swept cranially by the coordinated 
motion of cilia on tracheal and bronchial epithelial cells, then either swallowed 
or expelled to the outside by coughing and sneezing. Breakdown of this 
mechanism occurs in diseases characterized by loss of ciliated cells (such as 
bordetellosis and Newcastle disease) and may predispose birds to secondary 
infections, or even contribute to clinical symptoms of respiratory disease if 
mucus accumulates in airways (63). 
Soluble factors 
Soluble factors are important mediators of respiratory defense in 
mammals and are probably important in birds, as well. These factors include 
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microbicidal agents such as lysozyme, interferon, lactoferrin, peroxidase, 
proteases, and complement (109,183). In addition to serum- and phagocyte-
derived agents, respiratory epithelial cells are also capable of producing 
antimicrobial substances in mammals (45). Information concerning analogous 
factors in the avian respiratory tract is very limited. 
In supernatants of cultured chicken lymphocytes and macrophages, an 
interferon-like activity which prevents cytopathic effects of vesicular stomatitis 
virus in chick embryo fibroblast cultures (132,178) and activates chicken 
macrophages has been described (178). Proteins of three different molecular 
weights (17, 20 and 36 kilodaltons) have been purified from these types of cell 
cultures, but have not been fully characterized (57,132). The degree of 
similarity to mammalian interferon thus is not known. 
There are few reports of interferon activity in the avian respiratory tract. 
In one of these, interferon-like activity was recovered from tracheal swabs in 
chickens infected with infectious bronchitis virus (118). 
Cell-Mediated Avian Respiratory Defense Mechanisms 
Cell-mediated defense is carried out by a wide variety of cells: cytotoxic 
T lymphocytes (CTL), macrophages, natural killer (NK) cells, and granulocytes. 
Macrophages, CTL, and granulocytes are distinct cell populations with specific 
phenotypes that can be identified by the presence of marker enzymes and 
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surface molecules. However, the NK cell in birds is a functional designation and 
several cell types are currently associated with NK killing activities. 
Phagocytic cells 
In mammals, pulmonary alveolar macrophages provide a major first line of 
defense against foreign materials and microorganisms that have evaded 
aerodynamic filtration and the mucociliary apparatus (28). Large numbers of 
alveolar macrophages (3-15 x 10® cells/gram of lung) can readily be obtained by 
bronchial lavage of unstimulated mammalian lungs. Similar techniques applied 
to unstimulated turkey and chicken lungs yield at least ten-fold fewer cells (in 
the range of 2-3 x 10® cells/bird), even when differences in body weights are 
standardized between birds and mammals (54,164). 
Early studies regarded the cells washed from avian lungs to be 
macrophages (164, 653), but later studies identified the majority of the cells as 
heterophils (115), the avian homologue of the mammalian neutrophil. In a 
definitive morphologic study using light and electron microscopy, the three 
most common leukocytes in lung lavage fluid from chickens were found to be 
heterophils, lymphocytes, and macrophages, in descending order of prevalence 
(58). 
It has been suggested that the small number of macrophages in avian 
lungs, as well as the lack of myeloperoxidase and catalase in avian heterophils, 
explains the susceptibility of poultry to respiratory disease (162). However, 
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avian heterophils and extracts of their granules are microbicidal for E. coU, 
Staphylococcus albus, Serratia marcescens, and Candida albicans (30,31 ). This 
killing has been attributed to lysozyme and cationic proteins in heterophil 
granules. 
Avian heterophils provide some degree of protection against respiratory 
pathogens in vivo (162,163,165). Chickens In which heterophils were non-
specifically attracted into the lung with P. multocida were shown to be 
protected against subsequent challenge with a virulent strain of E. coU (165). 
Protected birds had reduced mortality and morbidity, less severe gross and 
histological lesions, and greater weight gains at 3 days post-challenge than did 
controls (165). It seems, then, that heterophils may be able to functionally 
compensate for the lack of pulmonary macrophages in avian lungs. 
In addition to lung heterophils, epithelial cells of gas-exchange regions in 
avian lung phagocytose foreign materials (154). In ducks exposed to iron oxide 
aerosols, particles were found in epithelial cells of the atria and infundibula, as 
well as in interstitial macrophages (155). Thus, in avian species, foreign 
particles which escape aerodynamic filtration, mucociliary clearance, and 
phagocytosis by heterophils may still be removed by phagocytic epithelial cells 
and macrophages within deep lung tissues. 
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Spontaneous cell-mediated cytotoxicity 
Spontaneous cell-mediated cytotoxicity is a surveillance activity carried 
out by NK cells in the absence of previous sensitization to foreign antigens. In 
mammals, NK cells in the lungs are important defenders against viral infection, 
particularly early in infection before specific immunity has developed (156). 
The role of NK cells in avian respiratory defense has not been explored. 
However, studies have documented avian NK cell activity against intestinal 
coccidia (93), tumor cells, and non-respiratory viruses (i.e., Marek's disease and 
infectious bursal disease viruses) (130). 
NK cells in birds have many of the same characteristics as mammalian 
NK cells and may have similar functions as well. Both mammalian and avian NK 
cells lack reactivity with monoclonal antibodies specific for macrophages and T 
and B lymphocytes (147), express asialoGMI on their surfaces (147), and have 
large granular lymphocyte and lymphokine-activated killer homologs (147). NK 
cells from both species carry out their cytotoxic activities independently of 
major histocompatibility restriction and recognize neither virus- nor tumor-
specific antigens on target cell surfaces (52). Avian cells shown to have NK 
activity include intraepithelial lymphocytes (93), non-adherent splenic cells, 
adherent phagocytic cells from peripheral blood (52), and possibly heterophils 
(97,98). A monoclonal antibody marker specific for avian NK cells would be 
useful in more clearly defining the cells responsible for NK activity; however, no 
such antibody is currently available. 
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Specific cell-mediated cytotoxicity 
Cells that express certain types of surface molecules (tumor or viral 
antigens, or allogeneic markers) are killed by mechanisms involving recognition 
between the target cell and the killing cell. There are two major types of 
specific cell-mediated killing. One is carried out by cytotoxic T lymphocytes 
(CTL) which recognize foreign antigens complexed with major histocompatibility 
(MHC) antigens, usually Class I in type. In the second type, cells bearing 
receptors for the Fc portion of immunoglobulin molecules (NK cells, 
macrophages, and granulocytes) recognize specific antibody bound to foreign 
cells and kill these cells via antibody-dependent cell-mediated cytotoxicity 
(ADCC). 
No information is available on ADCC against avian respiratory pathogens. 
Avian macrophages have Fc receptors (47,160) and it is surmised that 
heterophils do, too (131). However, most studies of ADCC in birds have been 
directed toward tumor cells and non-respiratory pathogens (130,149). 
Evidence for CTL-mediated cytotoxicity against avian respiratory 
pathogens is largely indirect. Positive evidence for a cell-mediated response is 
considered to be 1 ) lack of correlation between serum antibody levels and 
immunity to a particular pathogen and 2) ablation of immunity in 
thymectomized but not bursectomized birds (122). Although these types of 
experiments can distinguish between humoral and cell-mediated Immunity 
(Civil), they cannot ascribe cytotoxic activity to specific cell types. For 
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example, thymectomy may affect either CTL or macrophage responses, since T 
lymphocytes activate macrophages to become the actual effector cells in some 
immune responses. Nonetheless, a protective role for CM! has been shown 
using these types of studies in Chlamydia psittaci SniecWous in turlceys (123), 
Pasteurella multocida in chickens (10), and infectious laryngotracheitis virus in 
chickens (83). Lymphocyte blastogenesis and leukocyte migration Inhibition 
tests indicate a role for CMI In protection of chicken respiratory tract against 
infectious bronchitis virus (44). Recently developed monoclonal antibodies and 
in vitro assays for effector functions should facilitate studies of CMI in avian 
respiratory diseases (94). 
Antibody-Mediated Avian Respiratory Defense 
While cell-mediated immune responses can be of major importance in 
defending against first encounters with pathogens, antibody-mediated 
responses more efficiently protect the host in subsequent encounters with the 
same pathogenic threat. Antibody can act directly by neutralizing toxins and by 
preventing entry or attachment of pathogens to host cells. It can also act 
indirectly by coating bacteria or infected cells, thus targeting them for 
elimination by phagocytosis or ADCC. 
Antibody is thought to play an important protective role in several avian 
respiratory diseases, although much of the experimental evidence is 
contradictory (reviewed by Powell, 130). In general, positive correlation of 
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antibody titers witli protection, and increased susceptibility to disease after 
bursectomy are used as experimental evidence supporting a role for antibody-
mediated protection. These types of studies have shown antibody responses to 
be important in limiting infections by infectious bronchitis virus (44,78), 
Newcastle disease virus, avian influenza virus (48), and Mycoplasma gallinarum 
(186). Experiments using passive transfer of specific immune serum also 
indicate a role for antibody in immunity to E. coli (108) and Bordetella avium 
(8). 
Sources of antibody in the avian respiratory tract 
Antibody in respiratory secretions is either locally produced by plasma 
cells in the respiratory mucosa, or it is produced by plasma cells in lymphoid 
organs and transported via the bloodstream to the respiratory tract (87). In 
mammals, and presumably birds, all three major immunoglobulin isotypes (IgG, 
IgM, and IgA) are capable of diffusing in small amounts from serum into 
airways (87). However, IgG diffuses most readily due to its small size (135) 
and thus is more abundant in airways than serum-derived IgA or IgM (100). 
Receptor-mediated transport of IgG across some types of epithelial cells also 
occurs, effected by binding of the Fc portion of IgG to a specific receptor (103). 
Whether this occurs in respiratory epithelium or in avian species has not been 
determined. 
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The major transport route for polymeric IgA (and, to a lesser degree, IgM) 
is via binding to the polymeric immunoglobulin receptor (pIgR) on epithelial cells 
(reviewed in 6). Although best studied in intestinal models, this type of 
transport also occurs in mammalian bronchial epithelium (84). It is unknown 
whether a similar process occurs in the avian respiratory tract. 
The absolute amount of immunoglobulin on respiratory surfaces varies 
depending upon species and location within the respiratory tract (87). In 
mammals, upper respiratory tract secretions contain more IgA than IgG, roughly 
equal amounts in the bronchi, and a predominance of IgG in the alveoli (136). 
In birds, the amount of IgG exceeds that of IgA in nasal, tracheal, and 
tracheobronchial secretions (14,38,51,61). Much of this IgG may be locally 
produced, since the number of IgG-producing cells is larger than the number of 
IgA-producing cells in respiratory tract, Harderian gland, and nasal tissues 
(7,12). This information also suggests that there may be selective transport 
mechanisms for IgG in birds. 
Inflammation can alter the amounts of both antigen-specific and -
nonspecific immunoglobulin normally present on mucosal surfaces. For 
example, in chickens infected with Newcastle disease virus (NDV), there were 
increased amounts of non-NDV antibodies in tears and saliva. In NDV-
vaccinated birds subsequently challenged with NDV, amounts of anti-NDV 
antibody were significantly increased in tears, saliva, and tracheal washings (2). 
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Special role of IgA In respiratory defense 
The discovery In mammals that IgA Is found primarily in secretions and in 
only low concentrations in serum suggests a special role for IgA In mucosal 
Immunity (reviewed in 103). In birds, the role of IgA Is less clear, since the 
amount of IgG is greater than that of IgA in respiratory secretions, saliva, tears, 
and semen, while the amount of IgA predominates in bile and intestinal 
secretions (38,91). Despite the predominance of IgG in tracheal washings, 
there is a selective enrichment of tracheal IgA; sixteen per cent of the total 
Immunoglobulin from tracheal washings is IgA, compared to five per cent in 
serum. And lgA:lgG ratios in serum and secretions suggest that most of the 
IgA in the respiratory tract is locally produced (38). Thus, it would appear that 
IgA has an Important function in the avian respiratory tract even though it is 
present in lesser amounts than IgG. 
Mammalian IgA has several structural features that make it particularly 
effective in protecting surfaces exposed to the external environment (reviewed 
in 39). An IgA-associated peptide, the J chain, confers resistance to proteolytic 
digestion by enzymes often present in mucosal environments. J chain also 
allows IgA to form polymers which facilitate its binding to the polymeric 
immunoglobulin receptor (pIgR) for transport across epithelial cells. Part of the 
pIgR remains associated with the IgA molecule after it is secreted on the 
epithelial surface and also serves to protect IgA against proteolysis. This 
remnant of pIgR is referred to as secretory component. 
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The structure of avian IgA is often assumed to be identical to that of 
mammalin IgA, however this has not been strictly tested. In chickens a 
secretory Immunoglobulin, called IgA, has been isolated in large amounts from 
secretions and shown to be different from IgM and IgG (91). This molecule has 
a J chain (105) and indirect evidence suggests that the molecule binds to 
secretory component (15). In other respects, however, this secretory 
immunoglobulin Is very different from mammalian IgA. Radioimmunoassay 
Inhibition studies have repeatedly failed to show relatedness of chicken 
secretory Immunoglobulin to IgA from several different mammalian species 
(4,71). Rather, these studies have shown mammalian IgA to be more closely 
related to the major chicken serum 7S immunoglobulin, usually referred to as 
chicken IgG. Until DNA and/or protein sequencing of avian Immunoglobulin 
molecules has been done, assumptions about avian IgA, based on information 
about mammalian IgA should be made with caution. 
Despite the uncertainty about the structure of avian secretory 
immunoglobulin, the molecule apparently functions in many ways as 
mammalian IgA does, and thus will be referred to as IgA in this review. 
The functions ascribed to mammalian IgA include inactivation of bacterial 
enzymes and toxins, IgA-mediated ADCC, interference with bacterial 
attachment to host cells, and virus neutralization; however, the specific 
contribution of each of these to particular diseases and direct comparisons of 
IgA-mediated effects to those mediated by IgG or IgM have not been 
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documented for most mucosal diseases (39). As usual, the data for birds are 
even sketchier. Two studies on Newcastle disease virus are directly 
contradictory. One study concluded that locally produced IgA was responsible 
for 85% of vlrus-neutralizating activity in tracheal secretions (126). A second 
study published the same year showed that while neonatal bursectomy resulted 
in depletion of IgA from secretions, vaccinated and bursectomized birds were as 
resistant to virus challenge as were vaccinated, sham-bursectomized chiclcens 
(51). 
Studies of the role of IgA in the immune response to infectious bronchitis 
virus (IBV) are also difficult to interpret. Neutralizing activity in tracheobronchial 
secretions after vaccination with a moderate dose of IBV was found to be IgA 
(61). However, challenge with a higher dose elicited primarily an IgG response 
in secretions, with a much smaller IgA response. No secretory IgA anamnestic 
response could be detected and since the IgA response did not reach peak titers 
until 10-14 days after exposure, it is difficult to ascribe a clear role to IgA in 
preventing virus infection. 
Thus although IgA is generally considered to be the immunoglobulin 
isotype of primary importance at mucosal surfaces, it remains to be shown that 
it is important in protecting the avian respiratory tract from pathogenic attack. 
Since IgA deficiency alone does not result in severe health problems in either 
humans or birds, it appears that other isotypes can accommodate the protective 
functions of IgA at mucosal surfaces (41,90). In mammalian species, other 
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roles for IgA are currently being explored. Secretory IgA has been shown to 
mediate eosinophil degranulation, (1) and to act as an anti-inflammatory agent 
by interfering with complement activation (145). IgA may have similar as yet 
undiscovered functions in birds. 
Generation of T-cell Dependent Antibody Responses 
in the Lung 
Regardless of immunoglobulin isotype or site of production, antibody 
responses to most antigens begin in the same way: with a three-way 
interaction between an antigen-presenting cell (APC), a T lymphocyte, and a B 
lymphocyte (66). The role of the APC is to express antigen on its surface in a 
form which can be recognized by antigen-specific T lymphocytes. Prior to 
presenting antigen, the APC must internalize it and degrade it into small pieces 
which associate with a class II major histocompatibility molecule (IVIHC-II). 
Processed antigen complexed with IVIHC-II is then transported and displayed on 
the APC surface (107). Upon recognition of the antigen-MHC-ll complex, T 
lymphocytes are activated and produce soluble factors (lymphokines) which 
induce B lymphocytes (previously activated by binding the same antigen to 
surface immunoglobulin receptors) to proliferate and differentiate into antibody-
secreting plasma cells. 
The role of various lymphoid tissues in this process is to provide a 
microenvironment in which T and B cells sensitive to the same antigen are close 
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enough to interact with each other and the APC (175). The ability of lymphoid 
tissues in the lung, specifically bronchus-associated lymphoid tissue (BALT), to 
initiate immune responses to respiratory pathogens must be evaluated in this 
context. 
Again, information about the immunological processes occurring in avian 
lungs is scarce. However, there Is much evidence to support the belief that 
cellular interactions between APC and T and B lymphocytes are the same in 
birds and mammals (166). 
Avian Lymphoid Tissues 
Regional lymph nodes are key elements in mammalian responses to 
antigens encountered in the respiratory tract (19). However, birds have only a 
rudimentary system of lymphoid nodules along lymphatic vessels (127). These 
are small lymphocytic accumulations (usually about 0.5 mni in diameter) which 
lack a normal sinus structure that would permit large scale filtration of antigens 
from lymph. While some of these nodules enlarge and develop germinal centers 
in response to locally injected antigen, they are not of sufficient size or 
complexity to perform the functions of lymph nodes in mammals (101). 
Perhaps in functional compensation for the lack of lymph nodes, birds 
have an enormous number of lymphoid nodules, complete with germinal 
centers, in parenchymal tissues such as bone marrow, skin, liver, lung, kidney, 
pancreas, endocrine glands, peripheral nerves, larynx, and trachea (127). Avian 
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thymus and bursa, in addition to their classical functions as primary lymphoid 
organs, are capable of responding to antigens as secondary lymphoid organs 
(50). Thus birds do not lack lymphoid tissues with the potential to respond to 
antigens. 
Avian Mucosa-associated Lymphoid Tissues 
IVIucosa-associated lymphoid tissues (iVIALT) are highly developed in birds 
and may also perform some of the functions normally ascribed to mammalian 
lymph nodes. Avian MALT include the Harderian gland, lymphoid nodules 
associated with the nasolacrimal gland, conjunctiva-associated lyrriphoid tissue 
(CALT), bronchus-associated lymphoid tissue (BALT), and lymphoid tissues 
associated with various elements of the gastrointestinal tract, the gut-
associated lymphoid tissues (GALT) (13,55,106). Some of these tissues (e.g., 
Harderian gland and Meckel's diverticulum of the GALT), contain large numbers 
of plasma cells; presumably, their primary function is local production of 
antibody (11,106,117). Other avian MALT, (for example, CALT and GALT), 
have fewer plasma cells and more lymphoid nodules with germinal centers and 
thus seem to be involved with the initiation rather than effector phase of 
antibody production (13,55). 
The location of avian MALT is generally similar to that described for 
mammalian MALT. These tissues develop at sites where exposure to 
environmental antigens is high. In the respiratory tract BALT is located at 
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bifurcations In the airways, where Increased turbulence In airflow would 
facilitate deposition of antigenic materials on epithelial surfaces covering 
lymphoid nodules (22). Mammalian BALT nodules are relatively flat, with a 
substantial part of the lymphoid tissue lying below the muscularls mucosae 
(124,151); in chickens, however, most of the lymphoid tissue is above the 
muscularls, resulting In a nodule that bulges into the bronchial lumen (23). 
Presumably, this bulging would facilitate interaction of BALT epithelium with 
antigens, and may partially explain why chicken BALT is more highly developed 
than its mammalian counterparts (23). In addition to being located at sites 
favoring exposure to foreign materials, BALT nodules in mammals tend to 
develop in regions between major arteries and the bronchus lumen (29,59,128). 
The reason for this is not clear, but seems to be independent of antigen 
exposure. 
Structure/function relationships in BALT 
The structure and function of mammalian BALT has been well-studied; 
however, little is known about the development, cell populations, ultrastructure, 
and functional capabilities of avian BALT. Although some analogies may be 
made about structure/function relationships, there are enough differences 
between mammalian and avian immune systems to warrant independent 
investigation of avian BALT. 
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Three main elements comprise BALT as described in mammals: the 
epithelium, the lymphoid compartment, and the vasculature. Each of these has 
unique characteristics that contribute to the potential ability of BALT to initiate 
immune responses. 
Epithelium The epithelium that covers BALT nodules is structurally 
different from the typical bronchial epithelium and has been referred to as a 
lymphoepithelium to reflect the intimate physical association of epithelial cells 
and lymphocytes within it (56). Normal bronchial epithelium is ciliated, 
pseudostratified, columnar with a large population of mucus-secreting cells. 
The combination of mucus and ciliated cells provides an effective barrier from 
the external environment. BALT epithelium is modified in ways that appear to 
compromise this barrier. In BALT of rabbits and rats, lymphoepithelial cells (LE) 
are squamous or cuboidal and non-ciliated (22,56,133,157,172). The apical 
cytoplasm of LE cells is often attenuated, such that only a thin rim of cytoplasm 
separates the external environment from subepithelial cells and tissues (22). 
Mucus-secreting cells are either absent or in low numbers over BALT lymphoid 
nodules (22,56,110,151,172). 
Specializations for uptake of luminal materials occur in BALT epithelial 
cells. Apical vesicles are present in LE cells of mammalian BALT, especially 
those in which an active immune response has been stimulated 
(22,110,133,157,168). Proteins unique to LE of both BALT and GALT have 
been identified with monoclonal antibodies; these may facilitate uptake of 
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materials across these tissues (143). Ruthenium red staining of rabbit BALT 
reveals a distinct glycocalyx on LE cells; this, too, may bind materials prior to 
uptake (110). 
The altered epithelium over BALT nodules has provoked much speculation 
about Its function, with two main hypotheses. One Is that the major function 
of BALT epithelium Is in uptake and transport of antigens across the epithelium; 
the second hypothesis expands this idea to include antigen presentation by LE 
cells. Numerous experiments have documented the ability of BALT epithelium 
In rabbits, rats, guinea pigs, calves, and miniature pigs to take up proteins such 
as horseradish peroxidase and ferritin, as well as particulate materials such as 
mycobacteria, colloidal carbon, and latex beads (24,56,75,110,157,168). 
Uptake can be non-specifically enhanced by sensitization, for example by 
Immunization and challenge with mycobacteria (110,168). 
The in vivo significance of these experiments is unclear, since in guinea 
pig bronchus, for example, non-LE cells readily take up ferritin and horseradish 
peroxidase (138). Even in experiments showing preferential uptake of 
macromolecules by the LE, there Is some degree of uptake by non-BALT 
epithelial cells (168). Since pinocytosis Is a constitutive function of most 
epithelial cells, the difference In uptake between LE cells and other cells of the 
epithelium may be simply one of degree, with LE cells taking up larger 
quantities of materials from the lumen. A similar circumstance may exist with 
the uptake of. particulate materials such as bacteria, which are also transported 
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across non-LE cells of mucosal epithella (179,180). Thus, while transport of 
both macromolecules and particles occurs across LE cells, this is probably not 
the sole route of entry for antigenic materials. However, due to the underlying 
lymphoid cell compartment, transport across the LE may lead to a more 
immediate immune response, since materials crossing at non-lymphoid sites 
would have to be carried to sensitized lymphocytes before immune responses 
could be initiated. 
Experiments directly testing antigen presentation by mucosal epithelial 
cells have generally shown that non-LE cells are more likely to function as 
antigen-presenting cells. Cultured human bronchial epithelial cells express 
MHC-II and have been shown to induce T cell proliferation in response to 
mitogens and CD3 cross-linking, although less effectively than macrophages 
(104). Other workers have documented the ability of both nasal and bronchial 
epithelial cells to present antigen to T cells and stimulate mixed lymphocyte 
reactions in allogeneic systems (86). These studies suggest that unspecialized 
bronchial epithelial cells are capable of antigen presentation. Studies of GALT 
have reached similar conclusions; absorptive enterocytes, rather than M cells, 
constitutively express MHC-II (99) and are able to present antigen and stimulate 
T cells to proliferate and secrete interleukin-2 (25,85,99,152). In poultry, 
neither structural or functional studies of BALT epithelium have been done. 
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Lymphoid compartment The lymphoid compartment of BALT is made 
up of T and B lymphocytes as well as several types of accessory cells. Five 
distinct cellular regions can be identified: an area of T and B lymphocytes 
directly under the epithelium, referred to as the dome or AUE (area under the 
epithelium)) B cell foiiides which may contain germinal centers; a corona of 
small resting lymphocytes adjacent to follicles; a parafolilcular zone of T cells 
adjacent to follicles; and an interfollicular zone between follicles and at the edge 
of BALT nodules, comprising specialized vessels and mostly T lymphocytes 
(110,121,124,151). These regions are analogous to similar regions in lymph 
nodes and may have similar functions, as well (110,150). 
Various immunocytochemical studies have sought to define clear T and B 
lymphocyte regions within the morphological zones described above 
(29,43,128,150). However, it is difficult to draw general conclusions from 
these studies due to the enormous variability resulting from differences in 
animal species, individual animals, variable immune status, ages of animals, and 
specificities of monoclonal antibodies used to label cells (128,151). The most 
accurate generalization that can be drawn is that both B and T lymphocytes are 
present in BALT nodules, often in localized compartments, and that both T-
helper and T-cytotoxic/suppressor cell populations are represented. In poultry 
BALT, there are distinct T and B lymphocyte regions; however, T cell subsets 
have not been localized to particular zones within the nodules (7,81). 
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Accessory cells There are three main types of antigen-presenting 
accessory cells in lymphoid regions of BALT. Follicular dendritic cells (FDC) are 
present in the dome area and follicles in mammalian BALT (133,150,173) and 
in germinal centers of chicken BALT (81). These locations are consistent with 
their function of presenting antigen to B lymphocytes. FDC are distinguished 
from other types of APC by their lack of MHC-II (141) and by the fact that they 
handle antigen in the form of unprocessed antigen-antibody complexes (95). 
They are thought to be important in the maintenance of memory for T 
dependent humoral immune responses (95). 
Interdigitating cells (IDC), which present antigen to T-helper cells, have 
been localized to parafollicular and interfollicular areas, especially near high 
endothelial venules in mammalian BALT (29,133,173). In humans and mice, 
these cells are powerful APC. IDC differ from other APC in that they are 
loosely adherent to plastic, lack Fc receptors, and are poorly phagocytic. They 
have a dendritic shape and are strongly MHC-II positive (148). 
Macrophages are located throughout the lung parenchyma and BALT of 
many species including chickens (37,81,169). In rat BALT, macrophages are 
found between epithelial cells, as well as in dome regions and follicles (37). 
Enzyme histochemistry and immunocytochemistry have revealed a highly 
heterogeneous population of macrophages in BALT of rabbits and rats 
(133,169). Considering the versatile functions of macrophages, their central 
role in many immune responses, and their capabilities as immune effector cells. 
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it is not surprising to find that they form a significant and diverse population 
within BALT nodules of most species. 
Germinal Center Formation Germinal centers are a prominent and 
consistent feature of avian BALT, whereas they are often absent from BALT in 
mammals (23). The development of germinal centers provides morphological 
documentation of humoral immune responses (95). What becomes evident 
from reviewing current literature is that the type of tissue in which germinal 
centers are found Is relevant only with respect to the way in which antigens are 
delivered (95,175). Spleen receives blood-borne foreign materials; lymph nodes 
handle antigens transported In lymph draining from regional tissues; and MALT 
deals with antigens encountered at mucosal surfaces. Beyond these 
differences, the cells and events in germinal centers are identical. The fact that 
germinal centers are an Integral component of avian BALT supports the idea 
that this tissue may functionally compensate for the lack of bronchial lymph 
nodes in birds. 
The current model for the events taking place in germinal centers 
proposes that virgin B lymphocytes first encounter antigen In T cell zones 
comprised of T helper lymphocytes, B lymphocytes, and interdigitating cells. 
Antigen-primed B cells then migrate to primary follicles, where they enter the 
cell cycle to begin a period of exponential cell division. A selection process 
ensures that only B cells with high affinity for antigen-antibody complexes on 
follicular dendritic cells are rescued, while all other cells proceed into apoptotic 
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death. Of the cells surviving the selection process, some receive signals 
allowing them to leave the cell cycle as small memory B cells, while other cells 
receive signals inducing them to differentiate into immunoglobulin-producing 
plasma cells. The entire process is accomplished in about three weeks (95). 
The relevance of this model for germinal center development to the 
development of BALT In avian lungs is by no means established. However, the 
model is supported by considerable evidence from several mammalian species. 
The consistency of the evidence suggests that, like the model for cellular 
interactions between T and B lymphocytes and APC (166), the development of 
germinal centers is an evolutionarily conserved plan that may be universal 
among higher vertebrates. 
Studies on germinal center development in birds have dealt primarily with 
responses in chicken spleen. Results of these studies are consistent with the 
model described above with respect to the cell types involved, the localization 
of antigen, and morphological changes after antigen challenge 
(27,80,111,112,161,181,182). The time course for development in chicken 
mucosal tissues is also consistent with the model; germinal centers appear in 
nasolacrimal ducts (12), gut-associated lymphoid tissue (81,159), esophageal 
tonsils (7), and BALT (7,81) between 2 and 3 weeks of age. 
Vasculature BALT nodules in species as diverse as horse, rat, and 
rabbit are consistently located near blood vessels and are highly vascularized 
(23,37,64,96). Blood vessels are important in the function of BALT from two 
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standpoints: lymphocyte trafficking through high endothelial venules (HEV) and 
antigen presentation by endothelial cells. 
High endothelial venules are a consistent morphological feature of 
mammalian BALT (37,128,133). Their existence has not been documented in 
avian BALT, however they do occur in chicken GALT and CALT (13,55). HEV 
are located at the periphery of BALT nodules, often at the interface of T- and B-
lymphocyte regions. Their structure distinguishes them from other blood 
vessels in that their endothelial cells are cuboidal rather than flat and they have 
numerous intraluminal and interendothelial lymphocytes (185). The cuboidal 
shape of HEV endothelial cells is not an intrinsic characteristic, but is induced 
by antigenic stimulation and cytokines (129). HEV-associated lymphocytes 
have been identified as primarily T cells in rat BALT, however some studies 
have identified large numbers of B lymphocytes in HEV (119, 29). 
Receptor/ligand interactions between surface molecules on HEV and 
lymphocytes are thought to control tissue-specific trafficking and homing 
phenomena (46). In several mammalian species, lymphocytes originating in 
bronchial lymph nodes preferentially return to the lung (21,82,153). Similar 
results have been seen in studies of GALT (82,113,120, 72). It has been 
proposed that tissue specific addressins on endothelial cells and homing 
receptors on lymphocytes mediate the observed migration patterns, and that at 
least three separate receptor/ligand systems exist - one that mediates tissue-
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specific interactions in peripheral lymph nodes, one in MALT, and another for 
sites of inflammation (113,185). 
The idea of tissue-specific interactions between lymphocytes and high 
endothelial cells of MALT is attractive from the standpoint that cells primed to 
react to a particular antigen would be attracted back to the tissue in which they 
would be most likely to re-encounter the same antigen (151). However, 
homing phenomena are not absolute; substantial numbers of lymphocytes 
originating in bronchial lymph nodes are also found in intestine and spleen 
(82,153). Interactions between endothelial cells and lymphocytes are complex, 
involving many different molecules whose expression may vary depending upon 
conditions in the local environment (32). Thus, addressins and homing 
receptors may be only one component in the process of lymphocyte homing to 
MALT. 
Studies of HEV specificity and lymphocyte homing of SALT are in their 
infancy. In rat tissues, BALT HEV were shown to attract approximately equal 
proportions of T and B lymphocytes, a pattern similar to that of mesenteric 
lymph nodes, but different from GALT, in which B cells bind preferentially to 
HEV (170). Similar types of experiments have not been performed in poultry. 
The role of endothelial cells as ARC in BALT has not been explored; 
however, endothelial cells effectively present antigen in several other systems 
(60). It has been suggested that endothelial cells, expressing antigen and MHC-
II on their surfaces, may trap antigen-specific lymphocytes in non-lymphoid 
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organs, thus initiating local immune responses (60). Interestingly, the first 
stage in the development of BALT is the accumulation of lymphocytes near 
vessels in connective tissue of the bronchus (64). This occurs prior to 
specialization of epithelium, suggesting the possibility that endothelial cells may 
provide the signal that initiates the tissue modifications ultimately resulting in 
the formation of a BALT nodule. 
Development of BALT 
No studies of BALT development in birds have been done. In mammals, 
however, there are three stages in the development of BALT: initiation, 
characterized by lymphocyte accumulations near the bronchial epithelium; 
expansion, characterized by an increase of number and size of nodules due to 
lymphocyte division and germinal center formation; and regression, 
characterized by less mitotic activity in lymphoid areas, decreased numbers of 
nodules and increased amounts of connective tissue. These stages have been 
documented in rat (64,128), cattle (5), and human BALT (reviewed in 102), and 
in other MALT in chickens (13,55) and mammals (42,53). Thus they appear to 
be characteristic of MALT development in general. 
Initiation BALT is not found in fetal rats or calves, but appears within 
the first week of life (5,64). Transplantation of fetal mouse lung to 
subcutaneous pockets isolated from antigenic exposure does not prevent the 
development of BALT (24), suggesting that antigen is probably not important 
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for initiation of BALT lymphoid nodules. While the migration of antigen-
containing cells into the BALT precursor tissues was not prevented, the 
experiments support the idea that BALT develops independently of antigen 
transported across the bronchial epithelium. 
The structure of BALT is reminiscent of that of the thymus with distinct 
epithelial and lymphocytic compartments. Lymphocytes are attracted to the 
fetal thymus by factors produced by thymic epithelial cells (139). A recent 
study showed that bovine bronchial epithelial cells also release factors that are 
chemoattractive to T and B lymphocytes, suggesting a possible antigen-
independent mechanism for the initiation of BALT development (140). 
Expansion After sufficient numbers of lymphocytes have entered the 
bronchial tissues, there is a massive expansion of the lymphocyte population, 
with subsequent development of germinal centers. Accompanying the 
expansion of the lymphocyte compartment is an invasion of lymphocytes into 
the epithelium and alteration of the bronchial epithelium from ciliated to non-
ciliated form, although epithelial alteration is not a consistent feature of BALT 
development (5,64). The mechanism whereby epithelial cells change has not 
been determined, however it coincides with lymphocyte infiltration 
(5,23,64,65). Bronchial epithelial cells are dynamic and change from columnar 
to squamous in form during injury repair, for example (134). It has been 
suggested that the morphology of intestinal epithelial cells may be altered by 
lymphokines (34); the same may be true of bronchial epithelial cells. 
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Keratinocytes, which are very similar uitrastructuraliy to basal cells of the 
bronchial epithelium, have been shown to respond to interleukin 1 (IL-1) (26), 
and factors which induce IL-1 receptors on keratinocytes induce markers of 
squamous differentiation in skin cells. Thus, lymphocytes may induce the 
epithelial morphology that enhances access to environmental antigens. 
Antigen is important in the expansion stage of BALT development (65). 
It appears that there is a baseline development of BALT that occurs in all 
animals as they encounter new environmental antigens. Specific pathogen free 
rats, for example, develop BALT, but it is not as extensive as that in wild rats 
which have exposure to vastly more foreign antigens (65). The development of 
BALT may be accelerated or enhanced by respiratory infections, which are 
undoubtedly accompanied by increased amounts of foreign antigens 
(5,65,167). The consistently observed animal-to-animal variation in the degree 
of BALT development also supports the idea that antigen is important in this 
stage, as there is genetic variability in the abilities of individual animals to 
respond to certain antigens (5). 
Regression In calves and rats, the number of BALT nodules is 
decreased in adult animals (5,30). This is similar to findings for GALT in 
chickens (13) and humans (42). In addition to decreased amounts of MALT in 
adults, there are also changes in the structure of BALT. There is a loss of 
follicles from human Peyer's patches with age (42). In conjunctiva-associated 
lymphoid tissue In chickens, the lymphoepithelium reverts to a more columnar 
form with age (55). Whether there are functional losses as well has not been 
determined. 
Respiratory Routes of Immunization 
The current model for induction of mucosal immune responses in 
mammals proposes that antigen from the outside environment is talcen up 
through a lymphoepithelium and presented either by epithelial cells or by 
underlying macrophages to T lymphocytes, which then activate B lymphocytes. 
The activated B cells travel to regional lymph nodes and then preferentially 
return to mucosal sites via addressin/homing receptor interactions. Upon 
activation by antigen and cytokines produced by T-helper lymphocytes, B 
lymphocytes differentiate into antibody-secreting plasma cells in the lamina 
propria of the mucosal tissues in which they originated. Antibody is then 
secreted and transported across epithelial cells to protect the mucosal surface 
(20,36). In some systems IgA precursors are thought to be preferentially 
stimulated by mucosal routes of immunization, however, large numbers of IgG 
precursors are also generated in mucosal systems (142). 
The extent to which this model applies to avian systems is unknown and 
in many regards untestable, due to the lack of reagents and inbred animals that 
have facilitated mammalian studies. However, except for the stages occurring 
in lymph nodes, there are no apparent reasons for the model not to apply to 
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birds. The events occurring in mammalian lymph nodes may be carried out by 
other lymphoid tissues, including MALT, in birds. 
The model predicts that intratracheal or intrabronchial immunization 
should be sufficient to induce antigen-specific plasma cells in the respiratory 
tract. However, experiments of this type have not generally been successful 
(41). For example, priming of rats via intramuscular injection resulted in more 
antigen-specific cells in BALT upon subsequent intratracheal challenge than did 
intratracheal or subcutaneous routes of priming (59). Others, however, found 
that subcutaneous priming followed by and intratracheal boosting resulted in 
antigen-specific plasma cells in BALT, while again intratracheal priming followed 
by intratracheal boosting led to no response (171). In experiments using 
Mycoplasma pulmonis to challenge mice, intratracheal priming followed by 
intraduodenal challenge resulted in more antigen-specific lymphocyte clones in 
lung than did intratracheal routes for both priming and challenging (35,142). 
In many cases, priming via the oral route is the most effective way to 
generate protection at respiratory surfaces (16). The reasons for this are not 
known, but this strategy is widely employed in the poultry industry where 
vaccines against many respiratory pathogens are delivered in drinking water 
(116). 
Thus, in mammals, much is known about the individual elements of 
BALT; however, the integration of these elements such that the best route of 
immunization against respiratory pathogens can be rationally determined has not 
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yet been accomplished. In birds, the basic elements of the respiratory immune 
system are still unknown. The simplicity of the avian immune system has 
served immunology well in the past; perhaps determining how respiratory 
immune responses are generated in a system lacking regional lymph nodes, but 
otherwise very similar to that of mammals, can help to unravel the unsolved 
problems of mucosal immunity. 
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SUMMARY 
The development of bronchus-associated lymphoid tissue (BALT) in 
conventional chickens of 1 day, 1, 2, 3, 4, 6, and 8 weeks of age was studied 
using light and electron microscopy (scanning and transmission). Chicken BALT 
had many of the characteristics of other mucosa-associated lymphoid tissues, 
including the presence of an altered epithelium overlying a population of 
lymphocytes, potential antigen-presenting cells such as macrophages and 
dendritic cells, and high endothelial venules. In contrast to other MALT, 
chicken BALT lacked epithelial cells with large numbers of apical tubules and 
vesicles. There were age-related differences in size, number, and cellular 
composition of BALT nodules. Lymphoid nodules were progressively larger and 
more numerous with increasing age through 8 weeks of age. In 1-day and 1-
week old chicks, lymphoid infiltrates were covered by a squamous epithelium 
interrupted by small patches of ciliated cuboidal cells. Epithelial cells of the 
BALT lymphoepithellum In chickens 2 to 3 weeks of age were primarily non-
ciliated squamous or cuboidal, while in chickens 6 weeks of age and older, 
most lymphoepithelial cells were ciliated columnar. Lymphocyte infiltration of 
the epithelium was extensive in chickens 1 through 4 weeks of age. The 
epithelium in these chickens was disrupted, basal cells were displaced, and 
luminal epithelial cells were attenuated and often appeared degenerate. In 
chickens 6 weeks of age and older, the basal cell layer of BALT nodules was 
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uniform, and the luminal surface was lined by a ciliated columnar epithelium 
interrupted by goblet cells and mucous glands; some nodules were of the less 
mature type found in younger birds. Epithelial disruption may result in 
increased permeability of BALT epithelium to luminal antigens and increased 
accessibility of foreign material to numerous heterophils and macrophages in 
BALT. 
Respiratory diseases result in substantial economic loss to the poultry 
industry (1). However, the immune response to avian respiratory pathogens is 
poorly understood and the tissue sites at which avian immune responses to 
mucosal antigens occur have not been precisely determined. 
Studies in turkeys have shown that lymphoid nodules comprising the 
bronchus-associated lymphoid tissue (BALT) are more numerous and widely 
distributed in Bordetella avium-infected turkeys, suggesting a role for BALT in 
respiratory immunity (18). Also in turkeys, age-related changes in the structure 
of BALT lymphoepithelium (LE) may have important functional consequences, 
particularly with regard to accessibility of antigen to underlying lymphoid cells 
(6). 
Chickens possess BALT (3), but systematic studies of its structure and 
development have not been reported. The aim of this study was to characterize 
the morphological development of BALT in conventional chickens from 1 day to 
8 weeks of age and to compare it to BALT previously described in turkeys (6). 
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MATERIALS AND METHODS 
Forty-five broiler chicks were obtained from Hoover's Hatchery (Rudd, la.) 
and housed in brooder cages with free access to food and water. At 2 weeks 
of  age,  the chicks were moved to pens on a concrete f loor .  At  1 day,  1,  2,3,  
4, 6, and 8 weeks post-hatching, chickens were euthanatized with an 
intraperitoneal or intravenous injection of sodium pentobarbital. 
Lungs were fixed immediately by intratracheal perfusion as previously 
described (6). Lungs from three chickens of 1 day and 1 week of age and from 
five chickens of each age from 2-8 weeks were fixed in 10% neutral buffered 
formalin for light microscopy (LM). Lungs from two additional chickens of each 
age were fixed in 3% glutaraldehyde in 0.075 M Sorensen's phosphate buffer, 
pH 7.3, for scanning and transmission electron microscopy. 
Tissues for LM were routinely processed, dehydrated in ethanol, embedded 
in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) for general 
morphological evaluation, Gomori's trichrome for connective tissue, and periodic 
acid Schiff's/Alcian blue (PAS/AB) for mucus-producing cells. Serial sections 
were made of the entire primary bronchus in 1-day old chicks. Every fifth 
section was stained with H&E and examined for presence of BALT. 
Tissues for transmission electron microscopy were post-fixed in 1 % 
osmium tetroxide, dehydrated in ethanol and propylene oxide, and infiltrated 
with epoxy resin (EMbèd 812, Electron Microscopy Sciences, Ft. Warrington, 
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PA). Thin-sections were cut and stained for 10 minutes each with 2% 
methanolic uranyl acetate and Reynolds' lead citrate. 
For scanning electron microscopy (SEM), tissues were rinsed vigorously 
with 0.075 M Sorensen's phosphate buffer, pH 7.2, to remove mucus, fixed 
overnight in glutaraldehyde/tannic acid, then treated sequentially with several 
changes of osmium tetroxide and tannic acid to Improve conductivity and 
secondary electron emission, using the method of Sweney and Shapiro (16). 
Tissues were then dehydrated in a graded ethanol series, critical point dried 
from absolute ethanol, and sputter-coated with gold-palladium. 
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RESULTS 
In chickens of the same age, the size, number, and structure of BALT 
nodules varied slightly from bird to bird. Despite this variability, a progression 
of age-related changes could be defined with respect to epithelial cell type, 
basal layer integrity, and organization of underlying lymphoid tissue. 
General structure of BALT Number and size of nodules increased with 
increasing age from 1 day through 8 weeks post-hatching. In 1-day old chicks, 
single small peribronchial lymphocyte infiltrates were found in two of the three 
birds examined with LM; there were no nodules apparent in SEM preparations 
(Figure 1). However, in 6- and 8-week old chickens nearly every bronchial 
opening was surrounded by a ring of lymphoid tissue (Figure 2). 
In 4-week old chickens, there were small folds in the primary bronchial 
epithelium at secondary bronchial openings. Pockets of lymphoid tissue were 
associated with these folds in 6-and 8-week old chickens (Figures 3 and 4). 
Epithelial component of BALT The primary cell type of BALT 
lymphoepithelium (LE) changed from squamous and ciliated cuboidal in 1-day 
old chicks to ciliated columnar in older birds (Figures 5-8). In 1-day old chicks, 
patches of non-ciliated cells covered lymphoid infiltrates, but the basal cell layer 
was continuous and most lymphocytes were subepithelial (Figure 5). In nodules 
of 1-, 2-, and 3-week old chickens, infiltration of lymphocytes into the LE was 
marked; the epithelium often appeared to be greatly thickened due to the 
Figs. 1-4. 1. Primary bronclius with openings to secondary bronchi 
(arrowheads) in 1-day old chick. Bar = 500 pm. 2. Primary bronchus of 6-
week old chicken with numerous lymphoid nodules (arrows) around openings to 
secondary bronchi. Bar = 1 mm. 3. Pocket-like invagination of epithelium 
(arrow) around opening to secondary bronchus in 6-week old chicken. 
Arrowheads indicate lymphoid nodules. Bar = 500 //m. 4. Section through 
area similar to that in previous figure. Large arrow is in opening of secondary 
bronchus; arrowhead indicates lymphoid tissue with germinal center in pocket­
like region. Bar = 1 mm. 

Figs. 5-8. 5. Primary bronchus of 1-day old chick with subepithelial 
lymphocytic infiltrate. With exception of small patch of ciliated cells 
(arrowheads), epithelium is non-ciliated. Bar = 200 //m. 6. BALT nodule In 
primary bronchus of 2-week old chicken. Epithelium is Irregular and composed 
of non-ciliated squamous cells. There is extensive invasion by lymphocytes. 
Arrowhead indicates early germinal center. Bar = 200 //m. 7. BALT nodule in 
primary bronchus of 4-week old chicken. Epithelium is ciliated low columnar 
with a small non-ciliated patch (arrowheads). Basal cells (arrows) form an 
intact layer under ciliated cells. Bar = 200 //m. 8. BALT nodule in primary 
bronchus of 6-week old chicken. Epithelium is tall ciliated columnar. Bar = 
200 //m. 
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number of intraepithelial lymphocytes. Cell processes of lymphocytes and 
macrophages extended between basal cells of the LE, displacing basal cells 
from their normal orientation. The apical cytoplasm of epithelial cells was 
attenuated (Figure 9). In 2-and 3-week old chickens, LE cells were primarily 
non-ciliated; many were highly eosinophilic, shrunken, and appeared degenerate 
(Figure 6). By SEM, the LE surface was irregular, with depressions and small 
pits. 
At 4 weeks, some of the nodules resembled those of younger chickens, 
while others lacked large intraepithelial lymphocyte populations and were 
covered with an epithelium that was primarily ciliated with small non-ciliated 
patches (Figure 7). In 6- and 8-week old chickens, the LE was similar to that in 
4-week old birds except that the ciliated cells were usually of a high columnar 
type and there were fewer non-ciliated patches (Figure 8). Basal epithelial cells 
of the LE in 4-, 6-, and 8-week old chickens formed a uniform layer along the 
basal lamina, interrupted only where there were small regions of lymphocyte 
infiltration into the epithelium; 
With TEM, four types of non-ciliated epithelial cells could be distinguished 
in the LE: (1) morphologically unspecialized cells with irregularly arranged 
microvilli (Figure 9); (2) immature ciliated cells with basal bodies; (3) secretory 
cells with large apical granules; and (4) neuroepithelial cells having small (100 
nm diameter) electron-dense granules. Neuroepithelial cells were seen in 
chickens from 1 day through 3 weeks of age, usually at the periphery of SALT 
Fig. 9. Lymphoepithelium of 1-week old chicken. Cytoplasmic process (arrow) 
of cell from lamina propria between basal epithelial cells. E = epithelial cells 
with irregular microvilli. L = lymphocytes. H = heterophils. B = basal 
epithelial cell with desmosomes and tonofilaments. Bar = 5 //m. 
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nodules. None of the 4 types of non-ciliated cells had an abundance of apical 
pits or tubules. The LE was devoid of mature mucous cells until 6 weeks of 
age. 
Lymphoid component of BALT Subepithelial aggregates of small 
lymphocytes were first seen in 1 day-old chicks as perivascular infiltrates. 
Small lymphocytes were in close contact with long cytoplasmic processes of 
cells that appeared to be macrophages. 
In 2- to 4-week old chickens, lymphocytes were organized into germinal 
centers which had distinct zones; a dark zone comprising tightly packed 
lymphoblasts, many in mitosis; and a lighter zone of less compressed 
lymphoblasts and tingible body macrophages. A diffuse mantle-like zone of 
small lymphocytes enveloped the germinal centers. There were multiple 
germinal centers in most nodules of 6- and 8-week old birds. 
An occasional plasma cell was seen under the epithelium in 1-week old 
chickens. In chickens 3-weeks of age and older, large numbers of plasma cells 
were both in and directly under the LE and at BALT nodule edges. 
Other cell types and tissue components Connective tissue associated with 
lymphoid nodules in BALT was poorly developed in younger chickens. In 1-day 
and 1-week old chicks, collagen was associated only with the smooth muscle 
layer under the bronchial lamina propria. At 2 and 3 weeks of age, there was a 
fine collagen stroma at the nodule periphery, surrounding blood vessels, and 
under the epithelium. 
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Connective tissue was more prominent in older chickens. A distinct sheath 
of collagen and fibroblasts partially invested germinal centers in 4-week old 
chickens. This connective tissue sheath completely encircled germinal centers 
in 6- and 8-week old chickens, isolating lymphocyte and epithelial cell 
compartments. 
Typical high endothelial venules were at the periphery of nodules in 
chickens 2 weeks through 8 weeks of age. 
Chicken BALT contained large numbers of heterophils, dendritic cells, and 
macrophages. Heterophils were in the LE, on the bronchial surface, and in 
vessels in BALT nodules in all chickens. In subepithelial lymphoid aggregates 
and at the periphery of nodules, cells with long dendritic processes were 
intimately associated with lymphocytes in BALT from all ages examined. 
Location of lymphoid nodules Lymphoid nodules were restricted to 
openings of the three caudalmost sets of secondary bronchi (the mediodorsal, 
lateroventral, and laterodorsal) in all tissues examined. There were no lymphoid 
nodules at the openings to the cranialmost set of secondary bronchi (the 
medioventral) or along longitudinal ridges and furrows in the cranial portion of 
the primary bronchus. 
In addition to lymphocyte infiltrates associated with dome-shaped nodules 
at the secondary bronchial openings, large aggregates of lymphocytes occurred 
elsewhere. In 2-week old chickens, there were perivascular lymphocyte 
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accumulations in the submuscularis; germinal centers were seen In similar 
infiltrates in 6-week old chickens. 
Many of the secondary bronchi contained large lymphoid nodules with 
germinal centers, usually near points of bifurcation from the primary bronchus. 
Smaller subepithelial lymphoid infiltrates were seen in a few parabronchi and 
atria in tissues from chickens of all ages. 
Other observations Chickens were clinically normal during the course of 
these studies and there were no lesions of respiratory disease in tissue sections. 
Many of the chickens did, however, have varying degrees of mild pulmonary 
inflammation. Histopathological changes included inflammatory cell infiltrates 
(primarily heterophils or eosinophils), mild submucosal edema, and occasional 
peribronchial granulomas. 
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DISCUSSION 
The location, structure, and development of BALT in chickens is similar to 
that of turkeys (6). In both, lymphoid nodules are located only at the 
caudalmost openings to the secondary bronchi. This pattern of localization 
supports the idea that antigen Is as important in the development of BALT as It 
is in the development of other mucosa-associated lymphoid tissues (5). In 
birds, inspired air containing foreign materials bypasses the medioventral 
secondary bronchi and enters the three caudal sets of secondary bronchi first 
(19). Turbulence created at these openings facilitates deposition of heavier 
foreign materials on the epithelium (7). It is not until after passing through the 
filtering mechanisms of the lung and air sacs that air passes through the 
medioventral openings, which do not develop BALT. Invagination of the 
epithelium around secondary bronchial openings (Figures 3-4) presumably would 
also enhance antigen-epithelium interactions. 
Cells corresponding to M-cells of other mucosa-associated lymphoid tissues 
are lacking In the LE of normal chicken and turkey BALT. Altered BALT LE cells 
in turkeys and chickens have attenuated cytoplasm which may compromise the 
barrier that normally exists to protect tissues from the environment, but cell 
organelles such as apical vesicles and tubules for antigen uptake are not 
present. Rather than being inherently modified for a specific function, altered 
cells overlying avian BALT nodules may simply represent the effects of 
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cytokines on normal bronchial epithelial cells, or responses to mechanical 
stresses created by a burgeoning population of infiltrating lymphocytes. 
The changes in epithelial cell type and the ages at which they occur are 
similar in chickens and turkeys, perhaps reflecting exposure to new antigens. In 
both, an early period of intense lymphocyte infiltration and epithelial 
modification is followed by restoration of a more typical ciliated bronchial 
epithelium and separation of epithelial and lymphocyte cell compartments by 
connective tissue. Changes such as cell attenuation, lack of cilia, and surface 
discontinuities would be expected to increase epithelial permeability to antigens 
present in the bronchial lumen, particularly in 1- to 3-week old birds. 
The large numbers of heterophils in BALT of both chickens and turkeys 
suggests they have an important role in avian respiratory defense and immunity, 
especially since birds lack a large resident pulmonary macrophage population 
(17). Studies in avian and mammalian mucosal systems raise the possibility 
that macrophages and granulocytes in BALT could function by transporting 
materials captured in the bronchial lumen to sites capable of initiating specific 
immune responses (9,15). Thus, two mechanisms of handling foreign materials 
- passage between epithelial cells and transport in phagocytic cells - may 
actually occur, since phagocyte transmigration alone has been shown to 
increase epithelial permeability (12). Our laboratory is currently studying 
possible routes of antigen uptake using tracer substances. 
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Studies correlating the fate of antigens administered in the respiratory tract 
with the development of specific immunity have been done primarily in 
mammals. These studies have shown that translocation of antigen from lungs 
to draining lymph nodes is a necessary step in the generation of specific 
immune responses (2). Avian lymph node analogues, however, are small 
aggregates of lymphocytes in the walls of lymphatic vessels (4). Although 
certain of these lymphoid aggregates enlarge in response to locally administered 
antigen (11), most are small nodules lacking sinusoids to provide the filtering 
function ascribed to mammalian lymph nodes (8). Perhaps to compensate for 
the lack of organized lymph nodes, birds generate large numbers of lymphoid 
nodules, complete with germinal centers, in tissues and organs throughout the 
body (10). Since the structure of avian BALT germinal centers is similar to that 
described for mammalian lymph node germinal centers (13), it is conceivable 
that germinal centers in peripheral lymphoid nodules, including those in BALT, 
could carry out some of the same functions as mammalian lymph nodes; i.e., 
initiation of immune responses, generation of memory cells, and affinity 
maturation of antibody responses. Studies of post-bursal somatic mutations in 
avian immunoglobulin genes have hinted that peripheral lymphoid tissues may 
be involved in fine-tuning the humoral immune response (14,20). 
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ABSTRACT 
In this study development of the lymphoid cell compartment in bronchus-
associated lymphoid tissue (BALT) of specific pathogen free chickens was 
examined. Specifically, IgA-, IgG-, and IgM-producing plasma cells, B 
lymphocytes, and T cell subsets (CD4 and CDS) were labeled with antibodies, 
using immunocytochemical methods. Immunogiobulin-producing cells (IgPC) 
were quantitated and comparisons made among chickens of different ages, 
among immunoglobulin isotypes, and between lymphoid and non-lymphoid 
areas. At hatching, chickens were devoid of IgPC of any isotype. At 1 week 
of age, there were IgG + cells; and by 2 weeks of age all three isotypes were 
present in BALT. At all ages, IgPC were more numerous in non-BALT regions of 
the primary bronchus than in BALT regions. At 2 weeks of age, there were 
approximately equal numbers of IgA-, IgG-, and IgM-PC; thereafter, IgG- and 
IgM-producing cells (IgM-PC) outnumbered IgA-PC. There were very few T and 
B (CB3 + ) lymphocytes in 1 day-old chicks; but by 1 week of age there were 
small accumulations of T cells under BALT epithelium, and by 2 weeks there 
were CB3+ cells in BALT nodules. In general, T helper (CD4 + ) cells were near 
B cell regions, while T cytotoxic/suppressor (CDS + ) cells were more evenly 
distributed throughout lymphoid nodules and in the epithelium. CB3+ B 
lymphocytes predominated in germinal centers and overlapped CD4 + 
populations in parafollicular regions. The findings of this study support a role 
107 
for BALT in initiation and/or reguiation of respiratory Immune responses in 
chickens. 
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INTRODUCTION 
It has been proposed that antibody-mediated defense of surfaces such as 
those lining the respiratory tract is generated by mucosal exposure to 
pathogens, resulting in local priming of immunocompetent cells. Primed cells 
then proliferate to form a population capable of mounting an effective mucosal 
immune response on subsequent exposure to the same pathogen (1). However, 
practical application of this principle (e.g., in mucosal vaccines) has proved to 
be more complicated than simply exposing mucosal sites to immunogens (2). 
Because respiratory disease in poultry is of major economic Importance, and 
vaccination via an aerosol route would be a practical method to protect large 
flocks of chickens and turkeys, we have been investigating the role of 
bronchus-associated lymphoid tissue (BALT) in the avian respiratory immune 
response. 
Indirect evidence supports the idea that BALT may be important in 
respiratory defense. In chickens and turkeys, BALT nodules are located at 
branchpoints of the primary and secondary bronchi (3,4), where air flow 
patterns favor deposition of foreign materials on BALT epithelium (5,6). The 
number of BALT nodules increases in some avian respiratory diseases (7), also 
suggesting a role for BALT in immune responses to respiratory pathogens. 
This study describes the development of BALT in specific pathogen free 
(SPF) chickens and uses immunocytochemistry to document the distribution 
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pattern of B lymphocytes and T lymphocyte subsets in chickens of different 
ages, as well as the numbers of immunoglobulin-producing cells of three 
isotypes (IgG, IgM, and IgA) In SALT and non-BALT regions of the primary 
bronchus. 
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MATERIALS AND METHODS 
Animals Specific pathogen free chickens (RF-II) were obtained from 
Hy-Vac Laboratory Eggs Company (Gowrie lA 50543 USA). Eggs from a flock 
continuously monitored and certified to be free of 22 known pathogens, 
including 7 common respiratory agents, were hatched in isolation in a room 
with filtered air and positive pressure. From this hatching, birds were shipped 
to us at 1-day, 1-, 2-, 3-, 4-, 6-, and 8-weeks of age. On the day of shipment, 
chickens were euthanatized by sodium pentobarbital overdose and both lungs 
were collected from six birds at each age. Three sets of lungs were formalin-
fixed for staining of plasma cells, and three sets were frozen for staining of T 
and B lymphocytes. 
Tissue Collection and Fixation For evaluation of plasma cells, lungs 
were fixed in situ by intratracheal perfusion with 10% neutral buffered formalin. 
When abdominal airsacs were full and fixative could be seen in the trachea, 
lungs were removed from the birds, opened to expose the primary bronchus, 
and placed in fresh formalin for 4 hours. Because in pilot studies we found that 
retention of antigenicity depended upon the duration of formalin-fixation, we 
adhered strictly to the 4-hour fixation time and held tissues in 70% ethanol until 
they could be routinely processed for paraffin-embedding. Sections were cut at 
3 ijm, collected on poly-L-lysine coated slides, incubated in a 37°C oven 
overnight, and stored at room temperature until needed. For morphological 
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evaluation of BALT development, some sections were stained with hematoxylin 
and eosin. 
For T and B lymphocyte labeling, fresh lungs were removed from 
euthanatized chickens, and dissected to expose the primary bronchus. Tissues 
were immediately embedded in OCT (Miles Inc., Elkhart IN 46515 USA) and 
frozen in liquid nitrogen, then stored at -70®C. Frozen sections were cut at 8-
10//m, fixed in acetone for 5 minutes at room temperature, incubated for 20 
minutes at 4°C in a cryoprotective storage medium (42.80g sucrose; 0.33g 
MgClj; 250ml phosphate buffered saline, pH 7.2; 250ml glycerol), then stored 
in slide boxes at -70°C until needed. 
A variety of fixatives were used in unsuccessful attempts to preserve T 
cell markers. These fixatives included acetone/methyl benzoate/xylene (8); 
Omni-Fix II, an ethanol/ethylene glycol/acetic acid/ZnClj fixative (An-Con 
Genetic, Inc.; Melville NY 11747 USA); periodate-lyslne-paraformaldehyde (9), 
dimethylsuberimidate (10), ethylacetimide (11), and ethylcarbodiimide (12). 
There was no positive staining in paraffin-embedded tissues fixed with any of 
these solutions. 
Antibodies Goat-derived polyclonal antibodies specific for chicken 
immunoglobulin heavy chains (Bethyl Laboratories, Montgomery TX 77356, 
USA) were used to identify immunoglobulin-producing cells; these antibodies 
were used at dilutions of 1:2000 for IgM and IgA and 1:4000 for IgG. 
Monoclonal antibodies against CBS, a non-immunoglobulin B lymphocyte marker 
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(13), and against the T-lymphocyte associated molecules CD3 (found on all T 
lymphocytes), CD4 (a T helper lymphocyte marker), and CD8 (a cytotoxic T 
lymphocyte marker) (14,15) were kindly supplied by Dr. Chen-Lo Chen 
(University of Alabama, Birmingham AL 35294 USA). Antibodies to T cell 
markers were used at dilutions of 1:10; the B cell marker was used at 1:20. 
Biotinylated secondary antibodies were used at a dilution of 1:200 in all 
procedures. Rabbit anti-goat serum (Vector Laboratories, Burlingame CA 94010 
USA) was used for plasma cell staining; horse anti-mouse serum from the same 
commercial source was used for T and B lymphocyte staining. 
Staining Protocols For plasma cell labeling, deparaffinized and 
rehydrated tissue sections were treated for 5 minutes in 3% HgOg to block 
endogenous peroxidase in erythrocytes and heterophils, followed by 0.1 % 
trypsin (in 0.05M Tris, pH 7.6, containing 0.1% CaCla ^HjO) for 2 minutes to 
expose antigenic sites. Non-specific binding of antibodies was blocked by 
incubating tissue sections for 10 minutes in 5% normal rabbit serum diluted in 
Tris/PBS (5mM Tris pH 7.6, 9mM phosphate-buffered saline, pH 7.2). 
Incubations in primary and secondary antibodies were for 15 minutes each. 
Streptavidin-horseradish peroxidase (Dako Corp., Carplnteria CA 93013 USA), 
diluted 1:80 in Tris/PBS, was applied to slides for 10 minutes at room 
temperature followed by 7 minutes in an aminoethylcarbazole (AEC) and 
hydrogen peroxide substrate (16). All incubations were at room temperature in 
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humidified chambers and all washes between incubations were in 0.05 M Tris, 
pH 7.6. 
For T lymphocyte labeling, frozen sections were rehydrated in 0.01 M 
phosphate-buffered saline (PBS), pH 7.2 for 5 minutes, then blocked for 
endogenous peroxidase using 0.3% hydrogen peroxide in PBS for 10 minutes. 
Non-specific binding of antibodies was blocked with a 1:20 dilution of norrrial 
horse serum containing 5% bovine serum albumin. Incubations In primary and 
secondary antibodies and streptavidin-horseradish peroxidase were for 30 
minutes each at room temperature. Incubation in AEC substrate was for 10 
minutes. 
The staining protocol for B lymphocytes was the same as for T 
lymphocytes except that all washes were in Tris/PBS (1:10) containing 0.25 M 
sodium chloride to reduce excess background staining that occurred with the 
CB3 monoclonal antibody. Both frozen and paraffin-embedded sections were 
counterstained with Shandon Instant Hematoxylin (Shandon Inc., Pittsburgh PA 
15275 USA). 
Positive and negative control slides for each primary antibody were 
included in every batch of sections stained. Negative controls consisted of 
incubating comparable lung sections in Tris/PBS instead of primary antibody, 
with all other incubations and washes unchanged. Positive controls were 
frozen sections of spleen for the CB3 B lymphocyte marker and frozen sections 
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of thymus for the three T cell markers. Known positive lung sections were 
used as positive controls for immunoglobulin markers. 
Quantitation The number of IgA-, IgG-, and IgM-producing cells per 
unit area of tissue was calculated using tissue sections from three chickens at 
each age. Mucosal areas between the luminal surface of the epithelium and the 
edge of the muscularis mucosae were computed using a Zeiss SEM-IPS image 
analysis system (Zeiss-Kontron:IBAS version 2.00; Carl Zeiss, Inc. Thornwood 
IMY 10594 USA). Sony UP5000 VIdeoprints (Sony Corp. of America, San 
Diego CA 92127 USA) provided records of the regions for which areas were 
calculated and served as guides for cell counting which was done using a light 
microscope. 
Numbers of cells per unit area were compared between ages, isotypes, 
and BALT versus non-BALT regions. In statistical analyses, the experimental 
unit was an individual bird, euthanatized at a given age. A completely 
randomized design was used; the regions within a bird (BALT and non-BALT) 
and the antibody isotype within a region were considered subplots of the bird. 
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RESULTS 
BALT Development BALT in SPF chickens consisted of epithelium-
covered nodules of lymphocytes (Fig. 1). These nodules were located in the 
primary bronchus at the openings of the secondary bronchi. The size and 
number of lymphoid nodules increased with age, as did the amount of tissue 
separation between epithelial and lymphocytic cell compartments. Lymphocytic 
infiltrates in the primary bronchus were seen in only one of the six 1-day old 
birds examined; however, by 1 week of age, there were lymphocytic infiltrates 
in all six chickens examined. 
Lymphocytes and epithelial cells formed a true lymphoepithelium, with 
intimate contact between the two cell types, in many nodules from 1-week 
through 4-week old chickens. Beginning at 4 weeks of age increasing amounts 
of connective tissue separated epithelial and lymphocytic cellular 
compartments. Epithelial cells covering nodules in 1- to 3-week old birds were 
often nonciliated and cuboidal or squamous. In older birds, especially those 
with substantial amounts of connective tissue between the epithelial and 
lymphoid tissues, the epithelial cells were primarily ciliated columnar. Germinal 
centers were first seen at 3 weeks of age. 
Other features of BALT lymphoid nodules were the presence of high 
endothelial venules, which were especially prominent in 2-week old chickens. 
Heterophils were consistently seen in lymphoid nodules both within the 
Figure 1. BALT nodule from 3-weelc old chicicen. Extensive lymphocyte 
infiltration of epithelium (between arrows). More typical bronchus epithlium is 
on sides of nodule. Note absence of goblet cells in epithelium. Early germinal 
center is indicated by arrowhead. Formalin-fixed tissue, hematoxylin and eosin-
stained. Bar = 100//m. 
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epithelium and In the lamina propria. Goblet cells were absent or reduced In 
numbers in the epithelium over lymphoid nodules. 
Immunoglobulin-Producing Cells There were no Immunoglobulln-
producing cells of any isotype in 1-day old chicks. At 1 week of age, there 
were lgG+ cells; and by 2 weeks lgA + , lgG + , and lgM+ cells were present in 
all birds. 
There were mature plasma cells of all isotypes directly under and 
sometimes within the epithelium of both BALT and non-BALT areas (Fig. 2a, 
2b). In BALT nodules, IgPC were concentrated at the edges of the lymphoid 
compartment or at the periphery of germinal centers. They were also numerous 
in the lamina propria of primary and secondary bronchial epithelia and in 
connective tissue septae in the lung parenchyma, but were conspicuously 
absent from air exchange regions of the lung. In germinal centers of 3-, 4-, and 
6-week old chickens, there were large blast-like cells with weak cytoplasmic 
staining for all three immunoglobulins; in germinal centers of 6- and 8-week old 
chickens there were a few mature plasma cells, but no lg+ blast-like cells. 
Cells with long cytoplasmic processes and diffuse cytoplasmic staining for IgG 
were in follicles of 3- and 4-week old chickens. These cells resembled follicular 
dendritic cells. 
The numbers of IgPC in BALT and non-BALT regions are summarized in 
Table 1. 
Figure 2a. BALT from 6-weel< old chicken stained for IgG. Positive cells 
(arrowheads) are below epithelium, in germinal center (G) and scattered among 
lymphocytes. Bronchial lumen (8). Bar = 200//m. 
Figure 2b. Non-BALT region from 6-week old chicken stained for IgA. Positive 
cells are in and below epithelium (arrows) and below muscularis mucosae 
(arrowheads). Bar = lOO/zm. 
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Table 1. Number of IgA-, IgM-, and IgG-producing cells In BALT and non-BALT 
regions. 
Number of cells per 1 mm^ of tissue®. 
IgA IgG IgM 
Age 
BALT non-BALT BALT non-BALT BALT non-BALT 
1 day 0 0 0 0 0 0 
1 wk 0 0 8 36 0 0 
2 wk 6 78 15 46 14 66 
3 wk 19 58 43 51 59 195 
4 wk 48 152 68 173 100 415 
6 wk 55 160 267 323 222 268 
8 wk 51 180 210 274 231 366 
° Each number is the mean of 3 chickens. 
The mean number of ail IgPC, irrespective of region, increased with age 
(P<0.0001), with dramatic increases between 2 and 3 weeks of age for IgM, 
and between 3 and 4 weeks of age for IgG and IgA (Table 2). Overall, the 
number of cells producing IgM was greater than that of cells producing IgG, 
which was in turn greater than the number of cells producing IgA (P<0.0001). 
When the mean numbers of IgPC in BALT and npn-BALT regions were 
considered (Table 3), there were significantly more cells in non-BALT than in 
BALT regions at all ages (P <0.003). 
122 
Table 2. Number of IgA-, IgM- and IgG-producing cells". 
Age (In weeks) 
Isotype 2 3 4 6 8 Mean'' 
IgA 42 39 100 107 115 81 
IgG 31 47 120 295 242 147 
IgM 40 127 258 245 298 194 
Mean" 38 71 159 216 218 
• Each number is the mean number of IgPC/mm^ for 3 chickens. 
Mean number of IgPC for each isotype, standard error of the mean = 11, 
P<0.0001 
® Mean number of IgPC for each age, standard error of the mean = 18, 
P <0.0001 
T Lymphocytes CD4+ and CD8+ lymphocytes were distributed in 
distinctive patterns in BALT nodules. In chickens having nodules with mature 
germinal centers (3-8 week old birds), CD4+ cells were in tightly packed 
clusters forming large, asymmetric parafollicular caps around germinal centers 
(Fig 3a), whereas CD8+ cells were diffusely scattered throughout interfollicular 
areas of the nodules (Fig. 3b). There were a few CD4+ and CD8+ cells In 
germinal centers. In nodules without germinal centers, CD4+ cells formed 
single round clusters of cells. CDS 4- cells were diffusely distributed as in 
nodules with germinal centers. Large numbers of CD4+ cells were associated 
with blood vessels in BALT; a few CD8+ cells were also seen there. In 
contrast to IgPC, CD4+ and CD8+ cells were scattered uniformly throughout 
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Table 3. Number of Immunoglobulin-producing cells In BALT and non-BALT 
regions'-
Age (In weeks) 
Region 2 3 4 6 8 Mean'' 
BALT 12 40 72 181 164 94 
non-BALT 63 101 247 250 273 187 
• Each number is the mean number of IgPC/mm^ of 3 chickens. 
'' Mean number of IgPC for each region, standard error of the mean = 17, 
P< 0.003. 
the lung parenchyma, both in connective tissue and air exchange regions. 
There were small clusters of CD4+ and CD8+ cells in the lung parenchyma. 
CD8+ clusters were seen in birds 1 week of age and older, while CD4+ 
clusters were found in birds 3 weeks of age and older. 
In sections from the three 1-day old chickens stained for T lymphocytes, 
there were no BALT nodules. However, a single small cluster of CD4+ and 
CD8+ cells was seen under the primary bronchus epithelium of one bird. In the 
other two birds examined, there were no CD4+ or CD8+ cells; however, there 
were CD3+ cells in small aggregates under the primary bronchus epithelium. 
At 1-week of age, there were clusters of both CD4+ and CD84- cells in the 
primary bronchus epithelium. 
Figure 3a. BALT nodule from 8-week old chicken stained for CD4. Arrowheads 
indicate masses of positive cells; germinal centers (G) are unstained. Bar = 
200 //m. 
Figure 3b. Section adjacent to that in previous figure stained for CDS. Positive 
cells (arrowheads) are scattered between germinal centers. Bar = 200 fjm. 
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Intraepithelial lymphocytes in chickens at all ages examined were 
exclusively CDS +. These were usually located in the basal cell layer of the 
primary bronchial epithelium but were also occasionally seen in apical regions of 
the epithelium (Fig. 4). 
Non-plasmacytic B Lymphocytes In contrast to the findings for T 
lymphocytes, there were no CB3+ B lymphocytes associated with the primary 
bronchus epithelium until 2 weeks of age; however, there were CB3+ cells 
scattered throughout the lung parenchyma in 1-day and 1-week old chickens. 
In BALT from chickens 2 weeks of age and older, CB3+ cells were the 
predominant cell type in germinal centers and lymphoid nodules, and were 
scattered diffusely in the lamina propria and connective tissue of the lung 
parenchyma. They were numerous in the lymphoid regions around germinal 
centers where they often overlapped with CD4+ regions (Fig. 5a, 5b). 
Figure 4. CD8-positive cells (arrowlieads) in and under BALT epithelium from 8-
week old chicken. Bar = 100//m. 

Figure 5a. BALT nodule from 8-week old chicken stained for CB3. Germinal 
center (G) and parafollicular region (P) are positive. Bar = 100 urn. 
Figure 5b. Section adjacent to that in previous figure stained for CD4. 
Germinal center (G) is negative, while parafollicular region (P) is strongly 
positive. Large numbers of CD4-positive cells are associated with vessels 
(arrows). Bar = 100 ;/m. 
mmm 
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DISCUSSION 
In this study, the development and distribution of BALT nodules in SPF 
chickens followed th@ same time course as previously seen in BALT of 
conventional chickens (manuscript in preparation) and turkeys (4) and in 
lacrimal duct lymphoid tissue of conventional and SPF chickens (17). In all 
cases, lymphoid nodules were not fully developed before 2-3 weeks of age. 
Because this time course is the same in both SPF and conventional chickens, 
we believe BALT is a lymphoid tissue which is normally present In poultry but 
which may enlarge in response to respiratory pathogens (7). Birds lack a 
system of lymph nodes comparable to that in mammals, and mucosa-associated 
lymphoid tissues may functionally compensate for this deficiency by providing 
an environment similar to that in mammalian lymph nodes (18), designed to 
maximize effective interactions between antigen, antigen-presenting cells, and T 
and B lymphocytes. 
The results of the immunocytochemical staining reported here confirm 
the presence in chicken BALT of lymphocyte populations necessary to initiate a 
humoral immune response; the full complement of T and B lymphocytes in 
BALT is in place by 2 weeks of age. The delay in lymphoid tissue development 
in chickens may be a consequence of delayed seeding of T lymphocytes from 
the thymus, which is not thought to begin until the fourth day after hatching 
(19). However, T lymphocytes are present in intestinal tissues of 3 day old 
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chicks (20), suggesting that they may leave the thymus earlier. In our study, 
we found T lymphocytes in all three of the 1-day old chicks examined, but in 
two of these chicks the T cells were immature as evidenced by the lack of CD4 
or CD8 molecules. In contrast to T cells, emigration of B lymphocytes from the 
bursa begins before hatching and continues for about 3 weeks after hatching 
(21). This is consistent with our finding CB3+ cells In lung parenchyma of 1-
day old chicks. The fact that B cells were not found in the epithelium until 2 
weeks of age, a week later than the first T cells were seen, suggests that T 
cells may be involved in recruitment of B cells into the epithelium. 
Mature plasma cells and B lymphocytes both were first seen in BALT at 
the same time, 2 weeks of age, thus the plasma cells in BALT at 1 and 2 weeks 
of age may have arisen as a result of antigen-priming in other tissues other than 
BALT. Subsequent generations of plasma cells could, however, arise via 
mucosal priming of the lymphocyte populations in BALT at 2 weeks of age and 
older. 
The localizations of T and B lymphocytes in chicken BALT are generally 
similar to those in mammalian BALT (22-26), and are immunologically 
reasonable, assuming germinal centers in BALT function as do those in other 
secondary lymphoid tissues (27,28). CD4+ T helper cells were found in 
parafollicular caps around germinal centers, overlapping with CB3+ B 
lymphocytes. This localization would facilitate exposure of B lymphocytes to 
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cytokines produced by CD4+ T cells, thus providing for further proliferation 
and differentiation of B lymphocytes involved in humoral immune responses. 
CD8+ T lymphocytes were more diffusely scattered in BALT nodules and 
were found more closely associated with epithelial cells than were CD4+ cells. 
This finding, is consistent with current knowledge of CD8+ cells, which are 
believed to have special functions in epithelia which besides cytotoxicity^ 
include modulating expression of class II major histocompatibility proteins (29) 
and producing cytokines (30). In chicken intestinal epithelium, most CD8 + 
cells have a T cell receptor of the ylô type (20). It has been proposed that ylô 
T lymphocytes comprise a unique population of T cells that function primarily in 
surveillance of epithelial tissue, recognizing and destroying altered epithelial 
cells (31). Thus it seems likely that CD8+ cells in chicken BALT tissues, 
particularly if they are shown to carry the k/<5 T cell receptor, are important in 
monitoring the bronchial epithelium for pathogen-induced changes. 
Our observation that lymphocytes around HEV are primarily T cells has 
also been reported for rat BALT (24). In mammals, lymphocyte recirculation is 
directed by receptor/ligand interactions that result in selective migration of 
lymphocytes into tissues (32,33). Whether this occurs in birds is not known, 
but the predominance of CD4+ cells associated with chicken HEV in BALT 
implies some degree of specific interaction. 
We found lgG+ cells in 1 -week old chickens and lgG + , lgA + , and 
lgM+ cells in chickens 2 weeks of age and older. Our findings are at odds with 
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some previous reports. For example, in a study using fluorescence microscopy, 
no IgPC were found in adult (5-month old) chicken BALT nodules (34). The 
technique we used (horseradish peroxidase-labeled streptavidin) is generally 
more sensitive than labeling with fluorescent antibodies. Differences in primary 
antibodies used may also explain the discrepancies. We do not believe the 
difference in age of chickens used is significant, since we have found large 
numbers of IgPC using immunocytochemistry in 1-year old chickens 
(unpublished data). 
In a more recent study using frozen sections and monoclonal antibodies, 
IgM + lymphocytes were seen in BALT of 5-day old SPF chickens, and IgM + 
and lgG+ plasma cells were seen at 2 weeks of age (35). Again, differences in 
the procedures used may be responsible for the apparently conflicting results. 
Our results are more consistent with a recent study in which polyclonal sera 
and paraffin-embedded tissue sections were used (30). In this study lgG + 
plasma cells were seen at 1 week of age and all three isotypes were seen at 2 
weeks of age. Despite these minor conflicts in findings, we conclude that, due 
to a lack of plasma cells, for about the first week of life there Is no local 
production of immunoglobulin in chicken BALT; and for the first 2 weeks there 
is no IgA. Thus protection against respiratory pathogens in birds for the first 
few weeks of life must be serum-derived, either from maternal sources or from 
production elsewhere in the bird. 
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The distribution of plasma cells at the periphery of chicken BALT nodules 
and In connective tissue suggests that, unlike some avian lymphoid tissues 
(such as those in the Harderian gland and Meckel's diverticulum), the primary 
function of BALT is not local production of immunoglobulin (17,36,37). The 
peripheral location of IgPC is similar to the localization in mammalian lymph 
nodes, where plasma cells are confined to medullary cords at some distance 
from germinal centers. Teleologically this arrangement is sensible, since free 
antibody downregulates antibody responses and would thus interfere with the 
activities in germinal centers (38). 
The predominance of IgG + cells in chicken BALT is consistent with other 
findings in chicken respiratory tract (39,40), Harderian gland (34) and salivary 
glands of birds vaccinated and challenged with Newcastle disease virus (37). 
Studies of Bordetella avium infection in turkeys also suggest an important role 
for IgG in avian respiratory Immunity (41). Thus, while IgA may be of prime 
importance in mammalian mucosal systems (42), this seems not to be the case 
for avian systems. 
In summary, our morphological studies show that in the primary bronchus 
of SPF chickens the full complement of lymphoid elements needed for a 
humoral immune response is lacking until about 2 weeks of age. After this 
time, populations of B lymphocytes, T helper and T cytotoxic/suppressor 
lymphocytes, and plasma cells are well developed. The spatial arrangement of 
the various lymphocyte populations in chicken BALT Is similar to that found in 
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mammalian lymph nodes and suggests that a microenvironment specialized to 
facilitate the interaction between antigen and effector elements of the humoral 
immune response exists in avian BALT. 
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PART IV 
UPTAKE OF FERRITIN AND BORDETELLA AVIUM IN BRONCHUS-ASSOCIATED 
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Uptake of Ferritin and Bordetella avium 
in Bronchus-Associated Lymphoid Tissue 
of Turkeys 
Jane A. Fageriand, Ronald K. Myers, and Lawrence H. Arp 
Department of Veterinary Pathology 
Iowa State University, Ames, Iowa 50011 
In this study the ability of bronchus-associated lymphoid tissue (BALT) in 
turkeys to take up macromolecular and particulate materials, represented by 
ferritin and Bordetella avium respectively, was examined using transmission 
electron microscopy. Both live and ultraviolet-killed B. avium were tested. 
Uptake materials were instilled via intratracheal catheterization and allowed to 
remain in contact with the respiratory surfaces for 0, 10, 30, 60, and 90 
minutes; uptake of bacteria was also examined after 120 minutes. Ferritin and 
8. avium were taken up by both ciliated and non-ciliated cells of BALT 
epithelium. Ferritin appeared in organelles associated with endocytosis (i.e., 
apical vesicles, endosomes, cytoplasmic vacuoles) and was apparently 
transported across epithelial cells, since it was also found in intercellular 
spaces. Bacteria appeared in the same cellular organelles as did ferritin, 
however they were not seen free in extracellular spaces. Macrophages 
containing bacteria were intimately associated with lymphocytes in lymphoid 
regions of BALT and within the epithelium; these were seen in turkeys instilled 
with either live or uv-killed bacteria. Thus, the epithelium overlying BALT in 
turkeys is able to take up both macromolecular and particulate materials. These 
materials are also accessible to macrophages, although whether they are taken 
up directly from the bronchial surface or whether they pass through epithelial 
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cells first could not be determined. This evidence supports a role for BALT in 
avian respiratory Immune responses. 
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INTRODUCTION 
Bronchus-associated lymphoid tissue (BALT) in poultry is a highly 
developed mucosa-associated lymphoid tissue thought to be important in 
generating protective mucosal immune responses (1,2). An initial requirement 
for the development of humoral responses is access of antigen to cells of the 
immune system; however, the normal function of mucosal epithelia is to create 
a barrier to foreign materials. These apparently conflicting functions are 
resolved by structural modifications in the epithelium of BALT that compromise 
the barrier. For example, there are reduced numbers of goblet cells in BALT 
epithelium of turkeys (2) and many other species (3-7). Also, ciliated cells are 
absent, reduced in number, or structurally altered over BALT lymphoid nodules 
in turkeys (2) and chickens (manuscript in preparation). In addition, non-ciliated 
epithelial cells of turkey BALT are attenuated to the extent that in some regions 
only a thin rim of cytoplasm separates materials in the bronchial lumen from 
underlying lymphocytes, heterophils, and macrophages (2). 
In mammals (rabbits, rats, guinea pigs, calves, and miniature pigs), BALT 
epithelium has been shown to take up proteins Including horseradish peroxidase 
and ferritin, as well as particulate materials such as mycobacteria, colloidal 
carbon, and latex beads (3,7-11 ). Whether similar uptake occurs in poultry has 
not been determined. 
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In the studies reported here, we tested the ability of BALT epithelium in 
3-week old turkeys to take up a macromolecule, ferritin, and a bacterium, 
Bordetella avium. B. avium is a biologically relevant tracer organism; it is a non­
invasive respiratory pathogen in turkeys and induces a humoral immune 
response detectable in respiratory secretions (12). Since live organisms often 
induce better mucosal immune responses than killed ones (13), we used both 
live and uv-killed B. avium to examine possible differences in uptake. 
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MATERIALS AND METHODS 
Animals Three-week old unvaccinated turkeys (Willmar Poultry, Willmar 
MN) were used in these studies. They were obtained at 1 day of age, housed 
in a room containing no other animals, and given free access to food and water. 
Treatments Turkeys were lightly anesthetized with 0.1 - 0.15 ml of an 
Acepromazine (10 mg/ml;Tech America, Elwood KS USA)/ketamine (100 
mg/ml; Ft. Dodge Laboratories, Ft. Dodge IÂ USA) solution (1:4) and given 1 ml 
of tracer material via an 11 cm catheter Inserted Into the trachea through the 
mouth. Three materials were used to monitor uptake: ferritin, live B. avium, 
and ultraviolet (uv)-killed B. avium. Cationized ferritin (Sigma Chemical Co., St. 
Louis MO) was diluted to a concentration of 0.32 mg/ml in filter-sterilized 0.1 M 
phosphate-buffered saline, pH 7.2 (PBS). Live B. avium solutions were 
prepared as follows: A lawn of B. avium strain 75 was grown on brain-heart 
infusion agar (BHI). After 48 h incubation at 32°C, 5 ml of PBS were added to 
the BHI plate; the organisms were scraped from the surface, forced through a 
21 gauge needle three times to break up clumps, and diluted to give an 
absorbance of 0.5 at 600 nm. At this concentration, there are 1x10® colony-
forming units of bacteria/ml. Uv-killed bacteria were prepared similarly, except 
that prior to instillation into trachea, an uncovered 10 cm Petri dish containing 5 
ml of diluted culture was placed on a platform shaker 43 cm from a 15 watt uv 
lamp and exposed to uv irradiation for 20 minutes. Killing of organisms under 
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these conditions was ascertained by plating 50 //I of the suspension onto blood 
agar plates and Incubating at 32°C for 48 hours. 
Turkeys were killed at various time intervals after materials were instilled 
into tracheas. Birds receiving ferritin were killed immediately (0 minutes), and 
after 10, 30, 60, and 90 minutes of exposure; birds receiving bacteria were 
killed at 0, 10, 30, 60, 90, and 120 minutes after instillation. Three turkeys 
were used at each exposure time for a total of 51 experimental birds. 
Tissue collection and processing Turkeys were killed with an overdose 
of sodium pentobarbital and immediately perfused intratracheally with 2.8% 
glutaraldehyde in 0.075 M Sorensen's phosphate buffer, pH 7.2. Tissues were 
prepared for transmission electron microscopy as previously described (2). 
Briefly, they were dehydrated in an ethanol series and embedded in epoxy resin. 
Thin sections from B. aww/rr-exposed tissues were stained in 2% methanolic 
uranyl acetate (9 minutes) and Reynolds' lead citrate (9 minutes). Thin sections 
from ferritln-exposed lungs were stained for 60 seconds in a bismuth solution 
that selectively enhances the electron density of ferritin (14). 
Controls A total of 16 control turkeys were used to determine the 
extent of morphological changes induced by the experimental procedure itself. 
One ml of PBS was instilled into tracheas and allowed to remain for the same 
time intervals as the tracers. Two PBS control turkeys were used at each 
exposure time in the ferritin study; 1 PBS control was used at each time in the 
B. avium studies. In addition, to determine anesthesia-induced morphologic 
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changes, two turkeys were anesthetized, allowed to recover for 5 minutes, then 
euthanatized. Lungs from the control birds were fixed and processed for 
electron microscopy as described above. To check for endogenous ferritin and 
non-specific staining, tissue sections from PBS controls were stained with 
bismuth and examined for ferritin-like particles. 
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RESULTS 
Ferritin-uptake Ferritin appeared to be taken up by an endocytic process 
in BALT epitlielium. After short exposure times (0-10 minutes), ferritin was 
attached to microvilli of both ciliated (CC) and non-ciliated (NCC) cells and was 
near vesicles in the plasma membrane (Fig. la, 1b). At 30 minutes, there was 
ferritin in apical vesicles, and in vacuoles at various levels within the cytoplasm 
of these cell types (Fig. 1c). By 60 minutes, it was seen between epithelial 
cells In the baso-lateral intercellular spaces (Fig. Id). Ferritin was not seen in 
macrophages; however, it was difficult to detect in non-epithelial cells. 
Bordetella avium-uptake There were no differences between uptake of 
live and uv-killed bacteria. B. avium was taken up by both CC and NCC of 
BALT epithelium via a phagocytic process that appeared to be initiated by the 
wrapping of adjacent microvilli around bacteria (Fig. 2a, 2b). After 60, 90, and 
120 minutes bacteria were seen in vacuoles at various levels (apical, 
intermediate, and basal) within epithelial cells (Fig. 3); however, they were not 
found free in intercellular spaces as was ferritin. At longer exposure times 
(120 minutes), large numbers of degenerate bacteria were in vacuoles of NCC 
(Fig. 4). 
Live and uv-killed bacteria, were also found in intra-epithelial 
macrophages. In some cases, macrophages containing bacteria were in 
intimate physical contact with numerous lymphocytes (Fig 5a, 5b). 
Figure la. Ferritin attached to glycocalyx on microvilli of non-ciliated cell after 
30 minutes of exposure. Bar = 250 nm. 
Figure 1b. Ferritin attached to microvilli of ciliated cell, near open vesicle, and 
in apical vesicle (arrow) after 60 minutes of exposure. Bar = 200 nm. 
Figure 1c. Ferritin in cytoplasmic vacuole after 30 minutes of exposure. 
Bar = 300 nm. 
Figure Id. Ferritin in extracellular space after 60 minutes of exposure. 
Bar = 300 nm. 
m 
Figure 2a. Microvilli of ciliated cell around bacterium after 60 minutes of 
exposure to live Bordetella avium. Bar = 500 nm. 
Figure 2b. Bacterium in apical cytoplasm of ciliated cell after apparent 
engulf ment by microvilli. 60 minutes of exposure to live Bordetella avium. 
Bar = 500 nm. 

Figure 3. Bacterium in apical cytoplasm of non ciliated cell after 120 minutes 
of exposure to live Bordetella avium. Bar = 500 nm. 

Figure 4. Bacteria in vacuoles of non-ciliated ceils after 120 minutes of 
exposure to live Bordetella avium. Bar = 2 //m. 

Figure Sa. Bacteria within intraepithelial macrophage (M) surrounded by 
lymphocytes (L) after 90 minutes exposure to uv-killed Bordetella avium. Basal 
cells of epithelium (B). Bar = 4//m. 
Figure 5b. Higher magnification of previous figure showing cell wall structure 
of degenerate bacteria in macrophage. Bar = 500 nm. 
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Controls In both experimental birds and controls, the ultrastructure of 
epithelial cells examined In this study was Identical to that previously described 
for normal untreated turkeys (2). Treatment with the solutions of tracer 
materials did not result in increased numbers of apical vesicles or tubules In 
BALT epithelial cells. Surprisingly, no heterophil influx was stimulated in any of 
the turkeys by the procedures used. Neither ferritin nor bacteria were seen in 
any of the controls. 
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DISCUSSION 
In this study, both NCC and CC of the BALT epithelium in 3-week old 
turkeys took up macromolecular and particulate materials, suggesting that BALT 
may be a route of uptake for antigenic materials in the respiratory tract. 
Macrophages in the epithelium also contained the tracer bacteria, although 
whether the bacteria were phagocytosed directly or relayed to macrophages 
from epithelial cells could not be determined. Epithelial cells containing bacteria 
were not in contact with lymphocytes, while macrophages were, hinting that 
macrophages may be the chief antigen-presenting cells here rather than 
epithelial cells. The ability of turkey BALT epithelial cells to present antigen has 
not been determined; however, in human bronchus and nasal epithelium, cells 
not associated with lymphoid tissues are effective antigen-presenting cells 
(15,16). Regardless of which cell in BALT actually presents antigen to 
lymphocytes, epithelial uptake of a non-invasive pathogen such as B. avium 
allows lymphocytes to "see" and respond to antigens which might otherwise 
remain undetected. 
In mammals, there is much evidence to support the idea that antigen is 
transported in phagocytes to regional lymph nodes, where priming for 
respiratory immune responses occurs (17). Birds, however, have only a 
rudimentary system of lymphoid nodules that cannot function to the extent of 
their mammalian analogs (18). In avian species, well-developed lymphoid 
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nodules containing germinal centers exist in most parenchymal tissues (18); in 
addition, mucosa-associated lymphoid tissues in poultry are highly developed. 
BALT in chickens is more extensive than its mammalian counterpart (1) and has 
all of the lymphocyte populations needed to initiate humoral immune responses 
(manuscript in preparation). Thus in poultry, BALT may perform one of the 
major functions normally ascribed to mammalian lymph nodes, i.e., creating a 
microenvironment that facilitates interaction between antigen, antigen-
presenting cells, and T and B lymphocytes (19). 
Modified epithelial cells (M cells) overlying mucosal lymphoid nodules are 
thought to have similar structural and functional properties regardless of the 
mucosal tissue in which they occur (20). However, many generalizations about 
M cells do not fit BALT in general (4) and avian BALT in particular. In previous 
studies we have shown than, unlike M cells of laboratory mammals (21), cells 
in turkey BALT that otherwise resemble M cells by virtue of their intimate 
association with epithelial lymphocytes do not have apical vesicles, but do have 
a ruthenium red positive glycocalyx (2). Studies of rat intestinal M cells have 
indicated that materials are transported unchanged across the epithelial cells 
(22), while the work we describe here clearly shows degraded bacteria within 
epithelial cells. The fate of these degraded bacteria is not known, but there are 
several possibilities. Bacteria may be completely degraded, recycled into other 
materials within epithelial cells, and never exposed to the immune system. On 
the other hand, degraded fragments may associate with major 
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histocompatibility complex proteins and be expressed on epithelial cell surfaces 
in a form that can activate adjacent T lymphocytes. Alternatively, degraded 
materials may be exocytosed from epithelial cells, taken up by nearby B 
lymphocytes and macrophages for presentation to T lymphocytes. 
Unfortunately, the reagents and cell systems to test these possibilities are not 
currently available in turkeys. 
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GENERAL SUMMARY AND DISCUSSION 
The work described here characterizes the structure and function of 
bronchus-associated lymphoid tissue (BALT) in poultry. The first study used 
light and electron microscopy to examine the development of BALT in turkeys. 
Its purpose was to determine whether the structure of turkey BALT was similar 
to that of BALT in other species and whether the cellular elements needed to 
initiate immune responses against respiratory pathogens were present in turkey 
BALT. The second paper is a brief description of the structural development of 
BALT in conventional chickens; it was a prelude to the work described in the 
third manuscript, an immunocytochemical study of the changing populations of 
immunoglobulin-producing cells and T and B lymphocytes in BALT from specific 
pathogen free chickens 1 day through 8 weeks of age. In the fourth study, 
transmission electron microscopy was used to document the ability of BALT 
epithelium to sample antigens from the bronchial lumen. Tracer materials 
(ferritin and Bordetella avium) were intratracheally instilled into 3-week old 
turkeys. BALT nodules were examined after several exposure times to 
determine the location of tracers and the cell types involved in uptake. 
The results of morphological studies of turkey and chicken BALT were 
similar. The anatomical location of BALT in chickens and turkeys is the same: it 
occurs at points where secondary bronchi branch from the primary bronchus. 
In both chickens and turkeys, BALT undergoes similar age-related changes. 
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Nodules are larger and more numerous in older birds, and the relationship of 
lymphocyte and epithelial compartments is altered with age. In 1- to 3-week 
old birds, the epithelium is extensively infiltrated with lymphocytes, forming a 
lymphoepithelium. Epithelial cells in these younger birds are altered, being 
primarily non-ciliated and squamous or cuboidal, rather than ciliated and 
columnar. Goblet cells are sparse in the lymphoepithelium. These changes 
probably compromise the mucociliary barrier over lymphoid nodules in younger 
poultry. In older birds (4 weeks of age and up), lymphocyte and epithelial cell 
compartments are isolated from each other by increasing amounts of 
connective tissue. There are few intraepithelial lymphocytes compared to 
younger birds. The lymphoid compartment appears to be quiescent, with fewer 
mitotic lymphocytes in germinal centers and smaller numbers of lymphocytes 
overall. 
Epithelia that line mucosal surfaces are generally structured to prevent 
contact with invasive organisms and toxic materials. However, it would be 
advantageous for an organism to have a means of sampling potential pathogens 
from the external environment and priming lymphocytes for subsequent 
exposures. The morphological features of poultry BALT appear to be designed 
to facilitate antigen sampling and lymphocyte priming. The anatomical location 
is one in which turbulence in airflow patterns would favor deposition of 
materials on epithelial surfaces and the surfaces themselves are altered to 
enhance contact with foreign materials. 
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The time course of BALT development in poultry also suggests that its 
function is to generate a population of primed lymphocytes (and probably 
memory cells, as well). The greatest activity in the lymphocyte compartment of 
avian BALT occurs during the first 2-4 weeks of life, the same amount of time 
required for a humoral response to develop. Presumably, a bird would be 
exposed to most of the antigens in its normal environment, including a few 
potential pathogens, during the first few weeks of life. These exposures would 
initiate immune responses, producing a protective reserve of immunocompetent 
cells ready to expand when re-exposed to the same antigens. 
The ages at which T lymphocytes, B lymphocytes, and plasma cells first 
appear in chicken BALT support a role for BALT in generating antigen-primed 
lymphocytes. T lymphocyte subsets and non-immunoglobulin-producing B 
lymphocytes are in BALT before plasma cells appear in large numbers and could 
be involved in the priming process that precedes 8 cell differentiation into 
plasma cells. Plasma cells are deficient in young birds (for about the first two 
weeks of life), then begin to increase in numbers, making exponential jumps at 
3 or 4 weeks of age. The numbers of plasma cells plateau at 6 weeks of age, 
suggesting that the chickens have been exposed to most novel antigens by this 
age and have generated specific antibody-producing cells. 
Several conclusions can be drawn from the relative numbers of plasma 
cells in BALT and non-BALT regions of the bronchus. There are significantly 
fewer immunoglobulin-prbducing cells in BALT regions compared to non-BALT 
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regions, supporting the idea that BALT is primarily involved in generating 
immune responses, but not in local production of antibody. In mammalian 
mucosal systems, IgA is considered to be the immunoglobulin-isotype of 
primary importance; but in the studies described here, IgG- and IgM-producing 
cells far outnumber IgA-producers. Thus, while IgA may still have an important 
role in mucosal immunity in poultry, the roles of IgG and IgM may be substantial 
as well. 
The immunocytochemical studies confirmed the presence in avian BALT 
of lymphocyte populations necessary to initiate and regulate immune responses. 
T helper and cytotoxic lymphocyte subsets are present and localized in areas 
consistent with their known functions in immune responses. For example, T 
helper cells are concentrated near germinal centers, where they overlap B 
lymphocyte clusters. This localization places T helper cells where their 
cytokines can easily reach B lymphocytes, directing their proliferation and 
differentiation into plasma cells. Cytotoxic T cells are scattered throughout 
lymphoid nodules, but were found adjacent to and within the bronchial 
epithelium. This localization, too, is consistent with their known function in 
surveillance of epithelial cells for presence of foreign antigens. B lymphocytes, 
as would be expected, are the predominant cell type in germinal centers, and 
also overlap T helper cells in parafollicular regions. 
The final studies in this research document the ability of both ciliated and 
non-ciliated cells of BALT to take up macromolecular and particulate materials. 
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In the ultrastructural studies of poultry BALT, no specializations (such as apical 
vesicles and tubules) for extensive uptake of materials were seen. However, 
both ferritin and Bordetella avium are taken up by significant numbers of cells in 
BALT. Ferritin appears in vesicles and small vacuoles characteristic of an 
endocytic process; the bacteria appear to be taken up by phagocytosis. Both of 
these materials are taken up in the absence of an inflammatory response, 
suggesting that uptake can occur in normal bronchi. Macrophages also take up 
bacteria, but whether they are taken up from the lumen or relayed by epithelial 
cells could not be determined. 
From the results of this research, the following scenario is proposed for 
the generation of immune responses to bronchial antigens. Foreign materials, 
both macromolecular and particulate, are taken up by BALT epithelium and 
perhaps macrophages. These materials are processed and presented to T 
lymphocytes in BALT nodules. Several cell types are available in poultry BALT 
for antigen processing and presentation: epithelial cells, macrophages, B 
lymphocytes, and dendritic cells. Localizations of lymphocytes ensure 
interactions between cytokines from T helper cells and B lymphocytes. Further 
selection and differentiation of B cells occurs within germinal centers, such that 
B cells exiting from germinal centers are programmed either to differentiate into 
plasma cells or to enter a resting phase as memory cells. 
Many of the elements of this scenario are currently untestable in birds 
due to lack of the reagents and cell lines that have facilitated work in 
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mammalian systems. However, several interesting questions that could be 
addressed remain. For example, it would be useful to determine whether 
uptake of materials across BALT epithelium is physiologically relevant. This 
could be done by using tracer studies similar to those described here, but 
combining them with techniques to identify antigen-specific plasma cells. 
Double labelling immunocytochemical techniques or ELISPOT methods could be 
used to identify plasma cells secreting antibody to a known antigen. This 
would show whether uptake across BALT actually initiates a specific immune 
response, or whether it is simply a means of removing foreign materials from 
the bronchial lumen. 
A second question of interest involves the fate of antigens taken up 
across BALT epithelia. In mammals, antigens from the lungs are carried to 
regional lymph nodes in phagocytes and respiratory immune responses are 
generated in lymph nodes rather than in mucosal lymphoid tissues. Since birds 
lack competent lymph nodes, it would be useful to determine whether antigens 
cross the BALT epithelium and remain in underlying lymphoid tissues, or if they 
are taken up by macrophages and heterophils and transported to other 
secondary lymphoid organs such as spleen or bone marrow. Studies of this 
type in mammals have used large tracers such as colloidal carbon, latex beads, 
and xenogeneic erythrocytes and could be done in poultry. 
The morphological studies in this research suggest that in birds older than 
8 weeks of age, lymphoid elements of BALT are relatively inactive. It would be 
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Interesting to determine whether these tissues could be induced to form 
lymphoepithella in response to new antigens. This could be easily determined 
by intratracheally exposing older chickens and turkeys to a novel antigen and 
looking for morphological changes in BALT tissues with light microscopy. 
The ultimate goal of this research was to provide basic information to 
facilitate the development of effective vaccines against respiratory pathogens in 
poultry. These studies have confirmed the ability of BALT epithelium to take up 
materials from the bronchial lumen and have documented that the cells 
necessary to induce Immune responses are present In the respiratory tract of 
chickens and turkeys older than 2 weeks of age. They suggest that aerosol 
vaccines might be effective in 2- to 4-week old birds, but might not be 
protective in younger birds that have not yet developed the immune machinery 
to respond to bronchial antigens. In these birds, maternal antibody or perhaps 
parenteral vaccination to generate serum antibodies might provide the best 
protection. 
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